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ABSTRACT
The mechanisms of corrosion fatigue crack initiation were studied in thin gauge 2091-T351
Alclad aluminum alloy in a NaC1 environment. Fatigue specimens simulated an open rivet
hole. The roles of the electrochemical potential and mechanical variables were studied.
In deaerated 1M NaC1, fatigue cracks initiated by permanent slip band cracking from free
surfaces below the pitting potential of 2091 and from pits above the pitting potential of
2091. In this last case, three regimes of fatigue initiation were identified.
When pitting was relatively mild, crystallographic fatigue cracks initiated from pits. When
pitting was more significant, pits were separated from corrosion fatigue by a transition
zone. This transition zone was the fractographic signature of competition between pitting
and fatigue. In this regime of corrosion, frequency and stress range, fatigue initiated at the
surface edges of pits while pitting dissolution was still active at the tip of the pits. For
general pitting, fatigue cracks initiated at free surfaces by a net section stress effect and
propagated parallel to pits.
A micromechanical model of multi site crack initiation is derived. It is based on
competition between pitting and fatigue. Pits are modeled as semi-elliptical cracks. K
variations along the crack front are taken into account to model a two-dimensional defect.
For each fatigue cycle, propagation is simulated by calculating a local increment both at the
surface and at the tip of the defect. Competition between pitting and fatigue is derived
locally. Defects interaction and coalescence are modeled using a Fracture Mechanics
approach. It is inferred that defect interaction and coalescence will reduce pit size. The
model predicts the simultaneity of fatigue and pitting within the same defect and the
elliptical shape of the transition zone.
The model is extended to the two cases of limited or general pitting. It gives reasonable
lower and upper bounds for fatigue life and pit depth from independently derived fatigue
crack growth rates and pitting rates. The role of the cladding is to keep 2091 below its
pitting potential and thus to promote fatigue initiation by slip band cracking from free
surfaces.
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1.0 INTRODUCTION: THE AGING AIRCRAFT ISSUE
In 1988, an Aloha Airlines Boeing 737 suffered a major structural damage when it lost five
meters of its fuselage upper half [1] during flight. The aircraft was manufactured in 1969
and at the time of the accident had accumulated 89,090 pressurization/depressurization
cycles, which is equivalent to 13 flights a day for 19 years. Investigations showed that
debonding at a lap joint resulted in an unfavorable loading of the riveted assembly.
Multiple corrosion fatigue cracks initiated at a series of corroded rivet holes along the same
row and propagated undetected. Under the pressurization hoop stress, these cracks linked-
up suddenly and caused the separation of the upper half of the fuselage. The overall
phenomenon was described as Multi-Site-Damage (M.S.D.). This structural failure is not
an isolated case in the aircraft world. In fact, military fighter aircraft are more likely to be
prone to environmental degradation because of the very high strength aluminum used in
their frame and the harsh service conditions they endure daily. For example, Stress
Corrosion Cracking (SCC) has been observed in aircraft components subjected to high
tensile stress, such as the wing box lower panel of a fighter aircraft [2]. Corrosion
accelerated cracking was the source of failure of the trailing edge flap hinge lug of an F/A-
18 [3]. In addition to the corrosion problems faced by advanced fighter aircraft, the
military is concerned with the aging of its large airframes which are schedule to remain in
service until 2020-2040 and whose average age exceeds 25 years. At that time, they will
be susceptible to the same potential damage as that which led to the failure of the B-737 of
Aloha Airlines.
As a consequence the US Air Force and the Federal Aviation Administration (F.A.A) have
initiated numerous research programs aimed at understanding and predicting aging of
Aircraft. M.S.D. was at first the main source of concern because it went undetected in the
Aloha Airline aircraft. Crack connection was not understood because of the lack of fracture
mechanics data on cracks interaction. M.S.D. appeared also to be highly stochastic.
However, when the phenomenon had been separated into an initiation and a propagation
stage, it was soon discovered that the initiation stage was at the source of the scatter. Since
the structure spends most of its time in the initiation stage, it is very important to explain
and quantify it. Fatigue crack initiation is environmentaly assisted in aging airplanes.
Stress Corrosion Cracking, Corrosion Fatigue and Fretting Corrosion Fatigue are likely
candidates for crack initiation. Each mechanism constitutes one area of research even
though obvious connections can be made between them.
In this thesis, we will focus on corrosion fatigue crack initiation and the influence of pitting
on the iniation process. Pits often form at high stress concentration sites such as the edges
of rivet holes. Pits tend to concentrate the stress further and serve as fatigue crack initiation
sites. Once a crack initiates, it propagates by fatigue and the corrosive environment will
enhance further crack growth.
A better understanding and quantification of crack initiation life should provide an
improvement in life prediction methodology. Presently, we rely on the damage tolerant
approach which integrates the long crack growth rates in air, from an arbitrarily defined
initial crack depth. The effect of corrosive environments on airplane life is not taken in
account, because real service conditions are unknown.
It has been observed in service inspections that fatigue cracks often emanate from an area of
pitting corrosion. Some research work has been carried out to understand the transition
between a pit and a fatigue crack. Kondo [4] has successfully demonstrated that in steel
this transition occurs at a critical equivalent stress intensity factor.
The Kondo model is based on the assumption that fatigue cracking is observed when the
fatigue crack growth rate given by the da/dN-AK curve exceeds the pit growth rate predicted
by the pit growth law in a given environment. The model is implemented in three steps.
First, the pitting behavior of steels alloys is defined and characterized quantitatively in
terms of environment and time dependence. Second, the pit growth law is translated into
equivalent fracture mechanics parameters. Third, a comparison between the pit kinetics and
the da/dN-AK fatigue curve for short cracks is carried out to determine a critical stress
intensity factor. This parameter will allow us to compute the critical pit dimensions leading
to fatigue crack initiation. Using again the pit growth law, one can evaluate the time before
fatigue crack initiation by comparing the critical dimensions to the actual pit dimensions.
Assuming that a formalism developped by Kondo is applicable to aluminum alloys, it
should be possible to develop a new approach that would permit the prediction of the
residual life of a pitted component before fatigue crack initiation. A reliable estimate of the
remaining life would allow for better schedules of maintenance.
In this thesis, we develop and verify the methodology for the prediction of crack initiation
time in the presence of a pitting environment. The analytical model developed is verified by
detailed experimental data relating the electrochemistry of clad aluminum-lithium alloy
2091, the external environment and the mechanics of fatigue crack initiation. The results of
this thesis can be applied to aluminum alloys as a class.
2.0. INITIATION AND PROPAGATION OF CORROSION FATIGUE
CRACKS IN ALUMINUM ALLOYS: THE STATE-OF-THE-ART.
2.1 Physical metallurgy.
2.1.1 General physical metallurgy of aluminum alloys [5]
Aluminum alloys are widely used in the aerospace industry due to their high strength to
weight ratio. Most of the aluminum alloys used in the fuselage and skin of airplanes are
precipitation strengthened. The most common heat treatment starts with a solution
treatment, followed by a quench and an aging cycle. At the solution treatment temperature,
most of the alloying elements are in solid solution. A rapid cooling from solution treatment
temperature results in a homogeneous supersaturated matrix and a surplus of vacancies.
When cooling is not fast enough, heterogeneous nucleation of precipitates can occur on
grain boundaries and deplete the adjacent zone. This is often the case with aluminum-
copper alloys.
The source of strengthening in age hardenable aluminum alloys is the Guinier Preston
Zones and derivative equilibrium phases. Some impurities, mostly Fe and Si, form large
insoluble constituent particles (inclusions) which precipitate from the melt. They do not
take part in the strengthening mechanisms.
2.1.2 Physical metallurgy of aluminum-lithium alloys.
2.1.2.1 General metallurgy
New application and energy costs have pushed for further improvement of the aluminum
alloys. Aluminum-Lithium alloys are good candidates for decreasing the density and
increasing the elastic modulus. Each 1% of lithium addition (Up to the 4.2 wt % solubility
limit) decreases the alloy density by about 3% and increases the modulus by about 5% [6].
Lithium was first introduced as an alloying element (Al-Zn-Cu-Li alloy) in Germany in the
1920's. In the 1950's, alloy 2020 (Al-Cu-Li-Cd) and in the 1960's alloy 1420 (Al-Mg-Li)
were also developed but have not gained widespread acceptance because of their low
fracture toughness coupled with a continuous improvement in the properties of existing
aluminum alloys.
Binary Al-Li alloys have poor toughness and ductility. This can be traced, in part, to the
inhomogeneous nature of their plastic deformation by slip, resulting from coherent-particle
hardening due to spherical 8' (Al3Li) precipitates. The presence of equilibrium 8 (Al-Li)
precipitates at grain boundaries can also cause Precipitate Free Zone (P.F.Z) formation,
which induce further strain localization and promote intergranular failure. For commercial
alloys, slip has been homogeneized by the introduction of dispersoid phases (Mn, Zr) and
semi-coherent/incoherent precipitates such as T1(Al2CuLi) 0'(Al2Cu) or S(Al2LiMg)
through copper and magnesium additions. Zirconium forms cubic Al3Zr coherent
dispersoids which stabilize the grain structure and suppress recrystallization. The resulting
material is highly textured and properties vary with orientation. Copper and magnesium
minimize the formation of PFZs near the grain boundaries.
In addition to precipitation hardening, controlled grain microstructure generated from hot
and cold deformation provides additional strength. Deformation prior to aging is beneficial
for strength and toughness partly because precipitates nucleate on dislocations such as
TI(Al2CuLi) in 2090 and S'(Al2LiMg) in 8090 alloy.
2.1.2.2 2091-T351
Alloy 2091 is an aluminum-lithium-copper-magnesium alloy whose nominal composition is
shown in Table 1. It has 8 % lower density (2.56 g/cm3) and 7% higher modulus (77.5
Gpa) than 2024-T3. Its nominal mechanical properties are displayed in Table 2. Its
strength level is slightly inferior to 2024 (Yield: 310 Mpa, UTS: 450 Mpa). It shows,
however, good ductility and toughness [6].
.Table 1.1: 2091 composition in wt%
Elements Li Cu Mg Fe Si Mn Cr Zn Zr
2091 (wt%) 1.7-2.3 1.8-2.5 1.1-1.9 0.3 0.2 0.1 0.1 0.25 0.04-0.16
Table 1.2: 2091 Alclad Mechanical Properties
Longitudinal Properties Long-Transverse properties 45*properties
Yield UTS Elongation Yield UTS Elongation Yield UTS Elongation
(MPa) (MPa) (%) (MPa) (MPa) (%) (MPa) (MPa) (%)
265 364 10 265 384 10 236 350 15
Alloy 2091 has been studied by Gomiero et al [7]. During ingot solidification and
subsequent processing, some impurities precipitate as insoluble phases referred to
"constituent particles". In alloy 2091, the main constituent particles are of composition
A10.49 Li0.28 Cu0.14 Mg0.09. Their size is usually between 5 and 30 gim. Their volume
fraction is of the order of 1 %.
The most common heat treatment for alloy 2091 is the T351 temper: The alloy is
solutionized, deformed to give 2-3% plastic deformation and then naturally aged to a
substantially stable condition. According to Gomiero[7], the concentrations of Li and Mg
atoms in solid solution for a room temperature aged alloy are respectively 1.6 at% and 0.87
at%. Guinier-Preston zones occupy a volume fraction of 0.73 %. SAXS (Small Angle X-
ray Scattering) measurements show results similar to those of an Al-Cu-Mg alloy and GP
zones are expected to be nearly pure (100) planes of Cu atoms surrounded by Mg-rich
planes. The radius of GP disk shaped precipitates is about 9 nm. Precipitation of 8' phase
(A1lLi) occurs upon aging. After aging for two years, their radius is 1.5 nm. Their volume
fraction is 26 %.
In addition, there is no sub-grain boundary and in each grain a single system of helicoidal
dislocations is present.
2.2. Corrosion of Aluminum Alloys
2.2.1 Stability Domain in aqueous solution
Electrochemical reactions can be in general represented as:
R <* O + ne- (2.1)
Where O is the reduced species and R the oxidized species. Oxidation takes place at the
anode (deficit in electrons) and reduction at the cathode (excess of electrons). In the case of
aluminum alloys, the following reactions are typical of those which can take place in
aqueous environments:
Al3+(aq) + 3e- 
-- Al(s)
A13+(aq) + 2 H2 0 -- AlO2-(aq) + 4H+
Al 203 + 6H + + 6e- -+ Al(s) + 3H20
Al(OH)3 + 3e- - Al(s) + 3 0H-(aq)
(2.2)
Water chemistry :
2H+(aq) + 2e -- H2(g) or 2H 20 + 2e- -- H2(g) + 2 0H-(aq)
02(p + 2H 20(0) + 4e- -> 4 0H-(aq)
The Gibbs free energy change associated with equation (2.1) can be written as:
AG = AGo + RTln (2.3)
Where
AG : Gibbs free energy change.
AG" : Standard Gibbs free energy change.
R : universal gas constant (8.3144 Joules/deg mole).
T : temperature in degree Kelvin.
ao* : activity of species O in the bulk.
aR* : activity of species R in the bulk.
Since electrochemical reactions are based on an electron transfer, a electromotive force
(emf) is created between the anode and the cathode. This voltage is related to the change in
Gibbs free energy by:
AG=-nFE (2.4)
where
n : number of electrons involved in the electrochemical reaction
F : Faraday's number (9.64846 10 4 C/equivalent)
E : emf of the cell
Equation (2.2) can be rewritten in terms of potentials:
E =E o  RT I aR (2.5)
nF [ao*
Where Eo is the potential when the species are in their standard state.
Equation (2.5) must be written for every couple (O,R) of species that are present in the
system. Pourbaix [8] devised a method for showing the stability domain of the different
species in a E-pH diagram. The Gibbs free energy change is calculated for every reaction
and converted into a potential using equation (2.3). The border between stability domains
is defined by an arbitrary value of the activity, usually 10-6 mol/1. Examples are given in
Figures 2.1 and 2.2.
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Figure 2.1: E-pH diagram with AI(OH)3 as the stable species.
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Figure 2.2: E-pH diagram with A1203 as the stable species.[9]
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These diagrams give the stability domain in function of E and pH. When an oxide film is
present such as in A120 3, the metal is potentially passive. If the film is stable as in the case
of aluminum, the corrosion rate is low.
It must be pointed out that the Pourbaix or stability diagram is based on thermodynamic
data and not kinetic parameters. AI(OH) 3 forms first when the metal is placed in the
corresponding stability domain as illustrated in Figure 2.1. However, it is unstable and
transforms into A120 3 +H20 which is illustrated in Figure 2.2.
The two parallel lines define regions of water stability. The lower one is the hydrogen line:
water is stable above the line and hydrogen gas is stable below. The upper line is the
oxygen line: water is stable below and oxygen gas is stable above.
2.2.2 Kinetics of Corrosion[10]: Evans Diagrams
When the system is at equilibrium, the potential is given by equation (5) and is termed the
equilibrium, or rest, or corrosion potential Eeq. When the electrodes (cathode and anode)
are polarized beyond this potential, a net current will flow according to equation (6):
. Co (0, t) CR(0,t){ C(Ot) exp(-cwnfr) - C( exp((1 - )nf)} (2.6)
Co CR
Where
i : net current density
io  : exchange current density
rl : overpotential, E-Eq
Co(O,t) : surface concentration of species O
CR(0,t) : surface concentration of species R
a : transfer coefficient
f=F/RT : F is the Faraday constant, R the gas constant and T the temperature.
When the reaction is slow or mass transfer is fast, the pre-exponential terms are equal to 1
since concentrations are uniform. Equation (2.6) reduces to a more simple form shown in
Equation (2.7), also called the Butler-Volmer equation.
i = io {exp(-canfi) - exp((l - a)nfti)} (2.7)
When the overpotential is large enough, the system is dominated by a single reaction rate
(either forward or reverse) and the other term can be neglected. The overpotential follows a
logarithmic law when the back reaction contributes less than 1% to the current (valid for ir
> 0.118/n Volts where n is the number of electrons involved in the electrochemichal
reaction)
Positive overpotential : i = io{exp(-anfir} or In(i) = In(io) - anf77 (2.8)
Negative overpotential : i = io {exp((l - a)nf7} or In(i) = In(io) + (1- a)nfir
A plot of In I i I versus overpotential is shown in Figure 2.3. The linear parts are outlined.
In the vicinity of the equilibrium potential, Equation (2.5) has to be used because no
reaction can be neglected. From this plot, the current exchange density i. can be
determined.
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Figure 2.3: Plot of In l i I versus the overpotential
2.2.3 Pitting corrosion
2.2.3.1 Pitting of aluminum alloys
When an aluminum alloy is anodically polarized [11] in an environment where an oxide is
thermodynamically stable , the current first increases steadily according to the equations
presented above and suddenly decreases due to the formation of a protective oxide.
Kinetics are independent of potential up to a critical potential where current density
increases again. At this point, local breakdown of the oxide film occurs. In halide
environments (cr, Bf), the local breakdown results in pitting.
Acidification and enrichment of chloride ions are observed within active pits, due to the
hydrolisis of aluminum ions on the one hand and chloride migration to maintain charge
neutrality on the other hand [12].
Al 3+ + 6H20 -4 Al(OH)3 * (H20)3 + 3H+
As a consequence, the pH drops and is controlled by the solubility of the hydroxide. At
room temperature, the pH can be as low as 3.5 [13]. According to the Pourbaix diagram of
Figure 2.2, the oxide film is no longer stable and pit growth becomes autocatalytic and the
process is mass transport limited as explained by Gavele [14].
Pit initiation is not very well understood. Wood [15] observed that surface oxide films
contain enough flaws to provide sites for pit initiation. Szlarska-Smilaowska [16]
suggested that the oxide film is not efficient against the penetration of chloride ions in the
oxide film. She proposed that the rate limiting step for pit formation is not the diffusion of
the environment through the oxide film but the development of a stable corrosive
environment which sustains continuous dissolution.
In aluminum alloys, constituent particles are preferred sites for pit initiation because they
impede oxide growth around them [17]. Moreover, they can form a local galvanic cell with
the surrounding matrix. For instance, Bucheit [18] reports that in 2090 aluminum alloy
(Al-Li-Cu), pits initiates around Al-Cu-Fe constituent particles and form an occluded cell
that concentrates the environment further. At this point, dissolution of T1 (A12CuLi)
precipitates begins. These precipitates are located on sub-grain boundaries.
2.2.3.2 Pitting kinetics
As will be discussed below, pitting is very detrimental to the fatigue performance of
aluminum alloys. Even without an additionnal environmental effect, pits act as stress
concentrators and facilitate fatigue crack initiation. Figure 2.4 shows pitting data for
several aluminum alloys. The evolution of pit depth with time is the focus of these studies.
Scatter is significant. Power laws describe only roughly the pitting behavior. Alclad
aluminum is better than unclad aluminum alloys. Most of these results are based on
experimental data [19,20] and rarely is an attempt made to correlate pit depth with
electrochemical variables [21].
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Figure 2.4: Maximum pit depth for aluminum alloys in sea water [22]
Early research dealing with pitting kinetics was concerned with the prediction of maximum
pit depth [23]. However, pit depth measurement is time consuming. As a result of this, a
statistical approach based on extreme value statistics is often adopted [24].
The early work on extreme value statistics used the Gumbel distribution for the asymptotic
frequency distribution, (:
(x) = ae-Y-e-Ywhere y = a(x- u) (2.9)
u and a are the parameters of the distribution, x is the observed maximum pit depth. In
practice the data is plotted on a special probability paper and the parameters derived
directly. The pit depth is plotted on abscissa and the observed frequency as ordinate. The
observed frequency is calculated by ordering the measurement by increasing order, from 1
to n. The nth measurement is the highest maximum observed pit depth. The cumulative
relative frequency of the mth measurement is defined as m/n+1. The corresponding values
should fall on a straight line.
Pit depth is a function of time and often follows a power law whose exponent is often
reported as close to 1/3 [25].
Pits are characterized by their opening radius and their depth. The aspect ratio, a, defined
as the radius divided by the depth (a/c), is often used to describe pit shape as illustrated in
Figure 2.5.
c: Pit depth
a: Pit radius
Figure 2.5: Pit parameters
When measuring pit growth, pit aspect ratios are often assumed to remain constant
throughout pit life. This assumption allows pit growth laws to be defined by a single
parameter, either pit depth or pit radius. Historically, pit depth has been of greatest interest
since it is related to the perforation time of tanks and pipes.
To illustrate this review, the maximum pit depth is assumed to follow a cubic root
dependence on time, as it is the case for aluminum alloys in NaCl environments [25]. Since
a constant aspect ratio is assumed, the power law is also valid for the radius:
c=Cptl/ 3  (2.10)
where c is the pit depth. The 1/3 exponent may be explained by a constant bulk dissolution
rate B: assuming an hemispherical pit of radius c, the 1/3 exponent is equivalent to a linear
dependence on time for the dissolved volume:
d2 =3 B = 
- B.t (2.11)
dt 3 3
2.3.Corrosion Fatigue
2.3.1 Initiation of corrosion fatigue cracks
2.3.1.1. Its relation to the electrochemical stability of the metal
Initiation of corrosion fatigue cracks is controlled by the environment and the loading
spectrum. The environment determines the stability of a metal and any surface film.
The loading spectrum determines the amount of mechanical damage per cycle and controls
the amount of environmental damage allowed during one fatigue cycle due to the exposure
of fresh metal.
The coupling between the chemical and mechanical variables results in a wide range of
crack initiation modes. It is common to distinguish between the three regimes of corrosion,
namely passivity, local passivity breakdown and active dissolution [26,27,28].
When corrosion is active at the surface [27], emerging slip bands due to fatigue are
preferentially attacked by disssolution. This preferential attack leads to the generation of
new and larger slip bands. Permanent Slip Bands (P.S.B's) dissolve preferentially because
the atoms that surrounds the mobile dislocations are more active. In turn, dissolution
relieves back stresses generated by interactions between the dislocations and the surface
and thus it enhances slip [29,30]. In some cases, this intense dissolution of slip bands can
blunt the cracks which would otherwise propagate [31].
Figure 2.6 illustrates the cracking mechasnism in the passive potential range. The metal is
then covered with a protective oxide film. Application of a cyclic stress periodically breaks
the film exposing fresh metal that dissolves readily during the time required to repassivate
the metal.
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Figure 2.6: Film rupture/dissolution model for passivity
Rolling, Patel and Pyle [32] have observed current transients associated with each cycle of
plastic strain under electrochemical potential control.
For passive conditions, the oxyde film impedes dislocation movement at the surface and
increases hardening. When P.S.B's. penetrate the film, corrosion rates increase.
If the process is not uniform over the metal surface because of microstructural or machining
defects, a notch will be created from which a fatigue crack may initiate. In fact, as
suggested earlier, there is no clear difference between initiation and propagation. This is
especially true in this case.
If the average metal dissolution corresponds to less than one atomic layer per cycle, crack
initiation does not take place [26] . This leads to the notion of a limit current that was
observed by Uhlig [33] in steel.
When the metal is in a range of potentials where local breakdown of passivity is likely, a
variety of behaviors is observed. The phenomena of intergranular corrosion, pitting
corrosion and stress corrosion cracking are potential processes which are dominant
depending on the loading spectrum and frequency.
For example, it was reported in an Al-Zn-Mg alloy that at low strain rates crack initiation is
intergranular whereas at high strain rates it becomes transgranular[34]. Intergranular
initiation was explained by stress corrosion cracking and transgranular initiation by slip
band cracking. As an illustration, Figure 2.7 shows stage I fatigue created by slip band
cracking in an aluminum-zinc-magnesium alloy.
Figure 2.7: 7075-T6 aluminum alloy. Stage I fracture in slip bands [35].
After one or two grains, the stage I crack turns perpendicular to the tensile stress and
propagates in stage II. For an Al-Li-Cu alloy tested in 3.5 % NaC1, Magnin [36] observed
that the mode of initiation was a function of the strain rate. A decrease in the strain rate
leads in a change in the crack initiation morphology, from slip band cracking to stress
corrosion cracking. At intermediate strain rates, fatigue cracks initiate from pits. If pitting
is mild, a decrease in fatigue life is observed. If it is severe an increase in fatigue life is
observed. In the first case, corrosion pits act as stress concentrators whereas in the second
case they blunt the starter crack.
This review outlines the coupling between the mechanical variables and the environment.
Thus, the environment must be well known and characterized to yield meaningful data.
For instance, Au [37] showed that by choosing properly the electrochemical potential in
7078 and 7075 aluminum alloys, pitting could be favored over intergranular corrosion. He
applied this approach to stress corrosion cracking studies and preliminary results showed
that crack initiation was one order of magnitude faster in the intergranular corrosion domain
than in the pitting domain. In the first case, stress corrosion cracking could start almost
immediately whereas in the second case, a pit has to develop first. For corrosion fatigue,
the same approach should be followed to differentiate between the effect of pitting and the
effect of other forms of corrosion. This is especially important in aging aircraft where
pitting is observed more often than intergranular corrosion. The literature review will now
focus on initiation from pits.
2.3.1.2: Fatigue crack initiation from pits.
Pits have been reported by Piasick as the cause of fatigue initiation in 2024 (f=5 Hz) [38],
Ishihara [39] in 2017-T4 (f=60 Hz), Duquette in a Al-Li-Zr Alloy (f=30 Hz) [40] and
Schmidt in 2024 Alclad [41]. Pit depth was small, of the order of 10 to 30 microns in
depth. Test frequency was high. Pitting sharply reduces the fatigue life of a component
subjected to cyclic stress. Pits are thought to act as stress concentrators. However, it is
difficult to quantify this effect.
The first difficulty is to recognize that there is no analytical solution that is available for
stress concentration due to complex notches. Pits are similar in geometry to a surface
ellipsoidal void. In the literature, Eshelby [42] was the pioneer of the calculation of stresses
due to elliptical voids. Recently, Z.Mei and J.W.Morris [43] presented a numerical solution
for a surface hemispherical void. The state of stress was obviously three dimensional.
However, the focus in this review will be on the tensile stress concentration. Stress
concentrations are of the order of 1.8 both at the intersection between the hemisphere and
the free surface and at the bottom of the hemisphere. This has to be compared to the stress
concentration factor of 3 due to a cylindrical hole in an infinite plate [44]. When the aspect
ratio of the ellipsoid varies from 1 (hemisphere) to infinity (cylinder), the stress
concentration varies from 1.8 to 3. However, no information is available in between. The
other difficulty is to make a transition between an uncracked medium (stress concentration
factors) to a cracked specimen (stress intensity factor). These two entities are completely
different. Use of cyclic plastic strain amplitude as a criterion of crack initiation has been
proposed for notches [45]. However, the stress field was supposed known. Pits are thus
modeled as semi-elliptical cracks to circumvent the stress-field problem. This assumption
will be reviewed during the thesis discussion.
2.3.1.2.1. The effect of precorrosion
There have been several studies which have examined the effect of increased precorrosion
time on fatigue lives in air [46,47]. It was observed that fatigue lives are sharply reduced
after the first few hours or days of precorrosion, depending upon the severity of the
environment. Additional precorrosion times do not further affect fatigue lives. No
explaination has been provided. Either corrosion longer corrosion times do not create a lot
more damage or the stress concentration effect reaches a saturation level. The first
argument is supported by the shape of the curve of the pit depth versus time. It is often
approximated by a power law which exhibits decreasing pit depth increment with
increasing time. The second argument is supported by the dependence on depth of the
stress intensity factor for a crack of the same depth and radius as that of a pit. Figure 2.8
illustrates the variation of the stress intensity factors at the surface and at the tip of a semi-
elliptical crack. It is seen that the stress intensity factor increases sharply at the beginning
and then levels out for a given crack radius. For an aspect ratio (radius over depth) greater
than 2, the validity of the formula has not been formally checked but it is expected that it
converges to zero as the stress intensity factor of an edge crack would do. If pits behave as
cracks, a sharp reduction in fatigue lives is expected for the first few hours of precorrosion.
Additionnal precorrosion times should not have a great effect.
In addition, extensive pitting may have the effect of blunting a starter crack, thus reducing
the stress concentration effect. These arguments combined explain the relative
independence of fatigue lives on precorrosion times. The study of precorrosion is
important because it is thought that corrosion and fatigue take place in sequence in aging
airplanes.
The other approach is to test directly material in a corrosive environment and attempt to
correlate corrosion pit geometry with the reduction in fatigue lives.
Semi-elliptical crack: Newman-Raju's formulae
Stress intensity factors as a function of crack depth
Crack radius = 50 gm, S=100 MPa
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Figure 2.8: Explanation of the relative independence of fatigue lives upon long
precorrosion times[48]. Use of Newman-Raju's formulae[49].
2.3.1.2.2. Coupling of pitting corrosion and corrosion fatigue.
In the past, pitting of aluminum alloys was not the focus of significant research in
corrosion fatigue. It was considered more as an unpredicted phenomenon accounting for
an early failure than the core subject of a scientific study. Publications dealing with fatigue
crack initiation in aluminum alloys are, in general, semi-quantitative at best.
Attempts have been made to correlate pit geometry with the applied stress. In 1979,
Hoeppner [50] presented a paper where he outlined a method similar to the one pursued in
this thesis. From an experimental pitting curve and a da/dN curve, a fatigue life prediction
was made for 7075-T6 alloy in 3.5 % NaCl. Transition between pitting and fatigue was
assumed to take place when the stress intensity factor due to the pit was equivalent to the
fatigue threshold for long cracks. The equivalent stress intensity factor was calculated with
the assumption the pit was acting as an edge crack. The threshold was derived by
extrapolation and taken as 6Mpa1m. The long crack threshold of most aluminum alloys is
around 2 to 4 Mpalm at low R-ratio[51,52]. Results were in agreement with the
experimental values. However, Pelloux [53] showed that in the same alloy, in the same
environment (3.5% NaC1) and at the same frequency (30Hz), pitting was not the source of
crack initiation and instead a multiplication of slip bands was observed.
Since the initiation process in the presence of pitting is not well understood, extreme care
must be taken in the interpretation of crack initiation results of corrosion fatigue test
investigations in this case. First, the source of crack initiation must be clearly understood ;
second, if transition between pitting and fatigue takes place at a given threshold,
experimental values must be estimated by using a more realistic geometry than an edge
crack.
In 1989, Kondo [4] presented a new approach to the process. According to his theory,
corrosion fatigue and corrosion are two competing processes. When fatigue crack growth
is faster, fatigue is observed, when pit growth is faster, pits are observed. In this
argument, corrosion processes eliminate any fatigue features that are created. Kondo
formalized his theory by evaluating, on the same scale of stress intensity factors, the defect
growth either due to corrosion fatigue or pitting corrosion.
Pits are often characterized by their opening radius and their depth. The aspect ratio, a,
defined as the depth over the radius, is often used to describe pit shape. As presented
earlier, pit growth will be assumed to obey a power law dependence on time:
c=Cpt 1/3  (2.12)
Where c is the pit depth. To implement the model, one needs to calculate the equivalent pit
growth increment per cycle of fatigue loading. In equation (2.12), t is replaced by N/f,
where N is the number of cycles and f the test frequency. N/f represents the elapsed time
since fatigue loading has started. After differentiation of equation (2.12) with respect to N,
one gets equation (2.13):
d - 1 3 f-1c-2 (2.13)
dc/dN represents the pit advance that takes place during one fatigue cycle. To relate the
geometry of pits to corrosion fatigue crack geometry, pits are modeled as sharp semi-
elliptical cracks of' constant aspect ratio. This enables an easy computation of an equivalent
stress intensity factor.
AKeq = 1.12 Au ca (2.14)
where Aa is the stress range, c is the pit depth, a is the aspect ratio, equal to the ratio of
radius over depth (a/c).
Q is the shape factor equal (in this case) to 1+1.464 a1 .65 [54]. The factor 1.12 is a
correction factor accounting for the crack edge effect. Combining equations (2.12), (2.13)
and (2.14) one gets (2.15), which gives the pit increment per cycle as a function of the
equivalent stress intensity factor:
2.15de 1 C 3f-1 [a n12 1.12 Ao 4
dN 3 j Q / A2q1 I
Equation (2.15) shows that the pit increment per cycle is a decreasing function of test
frequency and stress intensity factor and an increasing function of the stress range.
Transition between pitting and fatigue is based on the assumption that corrosion fatigue
crack initiation is a competitive process between pitting and cracking. The analysis
proceeds by comparing defect increment per cycle for each mode:
dc (pitting) <> dc (fatigue cracking)dN dN
The higher defect increment per cycle determines the damage mode. . Figure 2.9 illustrates
the mechanism. . It is a plot of da/dN versus AK.
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Figure 2.9: Determination of the critical stress intensity factor for transition from fatigue to
pitting.
The key point is to consider short fatigue crack growth rates in the given environment.
Quantitatively, the onset of cracking is defined by a critical stress intensity factor given by
the intersect between the curve representing Equation (2.15) and the short crack da/dN
curve. The slope of the pitting curve is equal to -4 as seen from Equation (2.15).
When Ao increases, the curve is shifted to the right. This does not mean that pit growth
rates depend on the stress level. This is an artifact of the formalism. To understand it, let
us consider two different fatigue tests. The first one is conducted at 0a and the second one
at a 2 , with a, greater than a 2. If both fatigue tests are tested at the same time, pits should
propagate at the same rates all the time until fatigue crack initiation takes place. In Figure
2.9, the rates daldN(1) and da/dN(2) are the same and should be on a horizontal line. Even
though the pits have the same size at the same time until fatigue initiation, their equivalent
stress intensity factors are not the same, since the applied stress is different for the two
fatigue tests. At any given time, the pitting curve of sample 1 will lie on the right hand side
of the pitting curve for sample 2. This is the explanation of the shifting of the pitting curve
with increasing applied stress.
According to equation 2.15, the effect of frequency should be the same as the effect of
stress range in Figure 2.9. This time, the pitting curve is actually shifted upwards because
of the 1/f dependence of the pitting rate per cycle. Both increasing the stress range and
decreasing the frequency will have the effect of increasing the apparent transition threshold
defined as AKP in Figure 2.9. This does not translate immediately in pit depth because the
analysis ignores the time dependence. At higher stress range, the threshold is higher, but it
includes the contribution of both the higher stress and a potentially deeper pit. If the AK
curve is steep enough, AKP will not vary a lot and the effect will be to reduce the pit size.
For a lower frequency, there is no doubt about a deeper pit since the threshold is higher for
the same stress level. However, according to Kondo's formalism, if the AK curve is
steep, one should not see a great effect of loading frequency on pit depth since the
threshold would not vary. Fatigue initiation will only take place in a fewer number of
cycles.
2.3.2 Short Cracks
Fracture Mechanics is based on the principle of Similitude. The principle of similitude
states that crack growth rates depend only on the stress intensity factor (A•4(nTa), not on
crack size, stress level or load history. Short cracks are cracks which do not obey the
principle of similitude contained in AK [55]. The short crack phenomenon presents
difficulties for any study of fatigue crack initiation from corrosion pits.
As illustrated in Figure 2.10 [56], short cracks propagate at stress intensity factors less than
the fatigue threshold for long cracks. In addition, it is often observed that short cracks
propagate faster than long cracks for the same stress intensity factor. Short crack behavior
in air can arise because of the following reasons:
1] The crack length is of the same order as a characteristic microstructural feature. The
isotropy hypothesis stands no longer. For instance, fatigue cracks may interact with the
grain boundaries.
2] A crack is physically short when the plastic wake due to earlier fatigue damage is not
enough developed and that plastic closure does not operate. This phenomenon is observed
for crack length under one millimeter.
3] A crack is mechanically short when the crack length is of the same order of the plastic
zone size. The small-scale-yielding hypothesis is no longer valid.
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Figure 2.10: Fatigue crack growth for different aluminum-lithium alloys, in air, R=0.1.
Note the similitude of the slope between long and short crack growth rates.
In aluminum alloys, short crack behavior is not always predictable. For example, it is
reported that in air, short cracks propagate faster than long cracks for negative R-ratio, and
slower for a R-ratio of 0.5 [57]. In 8090 and 8091 aluminum-lithium alloys [58], short
cracks propagate faster than long cracks by one or two order of magnitude at low R-ratio in
air. However this effect is reduced at high R-ratio, showing that this crack growth
enhancement is closure related.
Figure 2.10 illustrates the short crack effect for aluminum-lithium alloys. These data were
derived by Ritchie [56] . Short cracks propagate for values of stress intensity factors
below the fatigue threshold for long cracks, which is 2.8 Mpalm in 2091-T351 in the L-T
orientation. In Figure 2.11, long crack growth rates are plotted versus the effective stress-
intensity factor (no closure effect). They become similar to short crack growth rates of
Figure 2.10, showing that the short crack issue in aluminum-lithium alloys is due primarily
to closure. In any case, short crack growth rates in air can be approximated by extending
long crack growth data into the sub-threshold regime.
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In addition to short crack behavior in air, the chemically short crack effect appears when
fatigue test takes place in a corrosive environment. This effect is very pronounced in high
strength steel as Gangloff[59] demonstrated for 4130 steel. He observed that short cracks
can propagate two order of magnitude faster than long ones. It is thought that the
environment is more active at the tip of short cracks because mass transfer of harmful
species is easier.
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Figure 2.12: Crack growth rate at constant AK of 2.9 Mpalm. The effect of crack length is
negligible.
In aluminum alloys, there is little evidence of the chemically short crack effect. Piasick[60]
has shown that in 2024 in 3% NaCi, short cracks propagate below the fatigue threshold,
but similitude is still obeyed. Only when the cracking mechanism changes, does the
similitude break down. Figure 2.12 illustrates the short crack behavior in aluminum
lithium alloy 2090 [61]. As the crack length increases at constant stress intensity factor, the
crack growth rates remain almost unchanged. It is concluded that there is no chemically
short crack effect in aluminum 2090 immersed in NaC1.
2.3.3. Propagation of corrosion fatigue cracks
Propagation of corrosion fatigue cracks has been studied extensively for numerous
metal/environment systems. Key parameters have been identified and a wide range of
behaviors have been listed. Figure 2.13 illustrates the potential effect of loading frequency
on fatigue crack growth rates in a corrosive environment [53].
Type 1 crack growth is the case of metals whose corrosion fatigue crack growth rates are
independnet of test frequency in a wide range. It is rarely observed. Type 2 crack growth
is very common. Crack growth rates increase when the frequency is decreased. The
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phenomenon is explained in terms of a longer environmental exposure of the crack tip. The
lower the frequency, the longer the period at which the crack is opened. This behavior is
seen in steel, aluminum and titanium. Type 3 crack growth is caracteristic of materials
which have a clear threshold for stress corrosion cracking. Beyond a threshold, crack
growth rates increase suddenly. The lower the frequency the higher, the faster the crack.
This is clearly explained by the time dependence of stress corrosion cracking. The da/dN-
AK diagram is represents purely mechanical parameters and the time is not taken into
account.
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Figure 2.13: Effect of frequency on fatigue crack growth rates.
Figure 2.14 illustrates the behavior of aluminum 2219 in a water vapor containing
environment. Fatigue crack growth rates are function of the ratio of water vapor pressure to
the loading frequency. This ratio was a parameter introduced by Wei [62] as a measure of
the environmental exposure. Two plateaus are observed, one at low values of this
parameter and one at high value. This behavior was explained by a transport limited
hydrogen embrittlement process. At high value of the parameter, transport is no longer the
limiting step. At low values of the parameter, the effect of the environment can be
neglected. In between, the environmental exposure is steadily increased and so are the
growth rates.
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It was also shown that any other gaseous hydrogen containing environment is expected to
create the same effect.
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Figure 2.14: Effect of the environmental exposure on fatigue crack growth rates.
In aqueous environment and especially salt water, the electrochemical potential is a key
parameter as it was shown by Piasick [52]. Figure 2.15 illustrates the effect of polarization
at a cathodic potential in 2090 Aluminum-Lithium alloy. When the potential is kept anodic,
crack growth takes place. However, when a cathodic potential is applied, crack arrest
occurs. When cathodic polarization is removed, 76 hours at 20 Hz are necessary to restart
crack propagation. This is explained by the formation of a protective oxide film.
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Figure 2.15 Aluminum 2090 L-T, The application of a cathodic potential stops crack
growth. Even after application of an anodic potential, 76 hours of fatigue at 20 Hz are
necessary to reinitiate crack growth.
Fatigue crack growth rates in air often follow a power law relationship with the stress-
intensity factor [63], the so-called Paris-law. Figure 2.16 shows that in aqueous
environments, this is still locally true. Piasick and Gangloff [64] showed that crack growth
rates could be approximated by multi-slope Paris laws. Each segment in the da/dN-AK
diagram was due to one cracking mechanism. For example, at low AK, corrosion fatigue is
due to a type of crystallographic cracking. At higher values of AK , fatigue proceeds by
sub-grain boundary cracking and finally by slip band cracking and sub-grain boundary
cracking.
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Figure 2.16: Effect of cracking mode on the local Paris law slope. 2090 L-T in 3 % NaC1.
2.3.4 Conclusions on corrosion fatigue
Corrosion fatigue crack propagation has been extensively studied. The phenomenology is
well documented and the critical parameters have been identified. Still, no fatigue life
prediction can be made from first principles.
Little attention has been given to fatigue initiation from pits. Some researchers have
concentrated on the effect of precorrosion and noticed some interesting effects of sharp
material degradation in the first times of exposure followed by a plateau. Others have
studied the simultaneous effect of chemistry and stress concentration within a pit in
subjected to corrosion fatigue. Kondo has suggested a new approach based on a
competition model between pitting and fatigue. The model has not been yet applied to
aluminum alloys.
2.4 Application to aging aircraft: some engineering issues.
2.4.1 Interacting cracks and crack colaescence.
In aircraft structures, fatigue failures occur from the initiation and propagation of cracks
from rivet holes or other notches. These cracks propagate with elliptic or near elliptic
crack fronts.
The application of a cyclic stress leads to the initiation of micro-cracks that interact with
each other and coalesce to form a macro-crack. This has been observed in the F/A-18 rear
bulk head [65], the mirage 1110[66] and Macchi aircraft [67] both in service and in
laboratory experiments. Stress intensity factors derived for isolated cracks have to be
modified for a multi crack configuration. Murakami and Nemat-Nasser [68] have studied
extensively the case of interacting cracks with the body force method. Miyoshi et al [69]
have also presented results for overlapping cracks [70]. In general, a wide range of
problems have been solved and their solutions are available in specialized handbooks in the
form of discrete data. Analytical solutions are not available and instead sets of numerical
data are supplied for some configurations. Sometimes, an equation can be fit to the
numerical data and further use of the solution is greatly simplified. As an illustration,
Figure 2.17 plots the dimensionless stress intensity factor (K/htca) as a function of an
interaction parameter. This parameter is defined as the ratio of the crack diameter to the
distance between their center. It is seen that crack interaction can be neglected for crack
lengths under one fourth of the separation distance. When the crack tips get closer, the
effective stress intensity factor is multiplied by a factor of 1.5.
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Figure 2.17: Interacting similar semi-elliptical cracks. Dimensionless stress intensity factors
as a function of the interaction parameters which is defined as the ratio of the crack diameter
over the distance between centers.
Cracks interact and coalescence occurs quickly. As an illustration, Figure 2.18 shows the
growth and coalescence of semi-elliptical fatigue cracks from notches. The tested material
was a 49 mm thick steel plate. Cracks initiate from notches, propagate, interact and
coalesce leading to a macro crack. When notches are not of equal size, the larger crack is
dominant and controls the fatigue life as seen on the pictures of the right hand side.
Figure 2.18: Crack initiation from Notches. Interaction and coalescence [71]
The earliest coalescence criterion was suggested by Forsyth [72]: cracks coalesce when
their plastic zones overlap. The distance between interacting crack tips is estimated as:
- -2
h oc (2a 1 + 2a 2)
Where a, and a2 are the half crack lengths. This approach was applied successfully to many
systems [73,74,75]. However, difficulties arise when cracks are not coplanar. Crack tips
overlap and crack growth direction changes before coalescence. The modelling is not as
easy as before because the problem becomes bi-dimensionnal. In this case, the approach
must be sometimes refined.
Considering the example of Figure 2.19, if t is the distance between crack tips, and the
offset distance h, and a being the half crack length, the following inequality holds for
steels in various environments [76,77,78]:
h 5 0.14 *(2a)
2a t
Figure 2.19: Geometry of two interacting non-coplanar cracks.
h is the maximum value to achieve coalescence. No other parameter is involved. The
reason for such a simple inequality is not fully understood. However, Wang et al [79],
have used a fracture mechanics approach to explain the process as one of mixed cracking
mode (KI/Ku) at the tip of approaching cracks. This mixed mode causes a change in
growth direction and then coalescence. These conditions are independent of material,
stress level or exposure conditions.
2.4.2 Clad material
2.4.2.1 Anti-corrosion protection
Aluminum alloys are clad for corrosion protection. The cladding has a reasonnable
corrosion resistance per se, while it offers anodic protection to the base metal. The principle
of anodic protection is explained by an Evans diagram in Figure 2.20.
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Figure 2.20: Illustration of the protection offered by the cladding to the base metal.
Without galvanic coupling the base metal potential would be Ec(NG) and its corrosion
current would be ic(NG). Because of the coupling, the current becomes ic(G) which is
much lower than ic(NG). ic(NG) is obtained by suming up the anodic current together
(upwards lines). The thin upwards line is the result. The same principle applies to the
cathodic branch. The corrosion potential is at the intercept between the cathodic branch
(downwards) and the upward branch representing the total anodic current. At that point,
anodic and cathodic currents are equal. One gets the corrosion potential of the couple
Ec(G). ic(G) is derived by taking the current corresponding to the the corrosion potential
on the anodic branch of the base metal. Figure 2.20 is a schematic. In a real case, surface
area fraction must be considered because this analysis deals with total currents and not
current densities.
2.4.2.2 The cladding role in fatigue [80]
The cladding results in a lower fatigue resistance. Cyclic loading introduces rapidly a
plastic shake down in the caldding layer that results in a zero mean stress that is
independent of the state of stress in the base metal. Early crack intiation in the cladding is
unavoidable. Fatigue life becomes a matter of crack penetration in the base material.
In a corrosive environment clad material offers an advantage over unclad material even
though their fatigue life is sharply reduced [81 ].
2.5 Conclusions
Aluminum alloys are used in the aircraft structures because of their high strength to weight
ratio. Unfortunately, they are susceptible to a number of forms of corrosion such as
pitting and intergranular corrosion. Corrosion damage facilitate fatigue initiation.
Sometimes, a cladding material is used for anodic protection but the mechanical
performance of the composite material is deteriorated by the clad which is inferior in
strength. For this reason, some aircraft manufacturers prefer to use the anodic oxidation
chromic and an anti-corrosion paint. In aging aircraft, the anti-corrosion protection,
cladding or paint, are no longer operative and corrosion of the core alloy takes place.
Constituent particles will initiate pitting and fatigue initiation will only be a matter of time.
Complex micro crack interaction will create a macro crack that will grow slowly. In most
cases, it will be detected, fortunately, before catastrophic failure.
Most of the research effort has been devoted so far to corrosion fatigue crack propagation.
The phenomenology is well understood since maintenance programs are based on the
damage tolerant approach. However, the fundamentals are still not understood since life
predictions cannot be made from first principles. Extensive testing is still needed. In
contrast to corrosion fatigue crack propagation, little attention is given to damage before a
detectable crack exists. A better understanding of the corrosion damage-to-fatigue-cracking
transition would be beneficial to improve maintenance programs.
Still unknown are the effect of stress concentration, the effect of environment and the
importance of the short crack issue. The lack of understanding of the fatigue initiation
process prevents us from assessing the quality of the anti-corrosion protection offered by
the cladding.
3.0 Thesis Statements
In the light of the literature review, the following thesis goals are suggested:
* Evaluate the fundamental relationship between initiation from pits and slip band
cracking or other potential cause of crack initiation.
* Assess the role of the cladding in terms of resistance to fatigue initiation and protection
of the base metal.
* Develop an understanding of the process of initiation of corrosion fatigue cracks from
corrosion pits, especially in terms of fatigue threshold and competition between fatigue
and pitting.
* Understand the whole process of fracture from corrosion pits to final fracture and
suggest a predictive model for fatigue lives.
4.0 EXPERIMENTAL PROCEDURES
The corrosion properties of the alloy 2091-T351 Alclad were studied by potentiodynamic
techniques in IM NaCi. It was observed that both the cladding and the base metal
exhibited a break down potential. A potential of -660 mV(SCE), above both pitting
potentials, was chosen to carry out potentiostatic polarization with and without applied
cyclic stress. In the first case, a pitting curve was derived. In the second case, frequency
and stress range were varied and the number of cycles to failure or crack initiation was
recorded. Fatigue performance of 2091 in air, ASTM G69 and IM NaC1 at different
potentials was studied. Extensive fractography documented the initiation sites of fatigue
cracks. When pitting was involved, pit depth was also recorded.
4.1 Material
2091 was supplied by Pechiney-Cegedur in the form of 1.6 mm thick Alclad sheet in the
T351 temper. This thin gauge is used for aircraft fuselage construction. The composition
of the material is given in Table 4.1 and its mechanical properties are presented in Table
4.2.
.Table 4.1: 2091 composition in wt%
Elements Li Cu M Fe Si Mn Cr Zn Zr
2091 (wt%) 1.7-2.3 1.8-2.5 1.1-1.9 0.3 0.2 0.1 0.1 0.25 0.04-0.16
Table 4.2: 2091 Alclad Mechanical Properties
Longitudinal properties Long-Transverse properties 45*properties
Yield UTS Elongation Yield UTS Elongation Yield UTS Elongation
(MPa) (MPa) (%) (MPa) (MPa) (%) (MPa) (MPa) (%)
265 364 10 265 384 10 236 350 15
4.2 Electrochemistry
4.2.1. Specimens
Figure 4.1 presents the labeling scheme used for specimen orientation. Two different
orientations were used: L-S and L-T.
-S L-T
Plate thickness
Figure 4.1: Definition of planes with respect to the rolling direction
Samples were cold mounted with EPO-THIN Resin from Buehler@. Electrical contact
was made through a copper wire spot welded to the aluminum surface. Details of the
design are illustrated in figure 4.2.
E Acrylic Tube
EID Resin for cold mounting
* Copper wire spot welded on aluminum
L Aluminum Sample
Mask: prevent crevice corrosion
Figure 4.2: Design for corrosion study of the L-S plane. The acrylic tubing insures a flat
surface finish. The protruding specimen can be coated along its sides without masking
the surface of interest while minimizing a crevice corrosion effect.
I
Rolling Direction
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Specimen surfaces were ground with sand paper and then polished down to a 3 micron
finish using diamond paste. A mask of MICCRO SUPER XP 2000@ was applied
wherever it was necessary to minimize crevice corrosion. Prior to immersion, the
exposed area was measured using a scanner and the surface was cleaned using ethyl
alcohol and then rinsed in deionized water.
4.2.2. Corrosion cell
Electrochemical data were collected using a Schlumberger 1286 interface controlled by
Corrware@ for PC. The corrosion cell is presented in Figure 4.3. The cell was designed
using the three electrode configuration, the working electrode being the sample, a
platinum foil being the counter electrode and a fine glass tube (Luggin probe) being
connected to a reference saturated calomel electrode through a potassium chloride salt
bridge.
Referer
Nitrogen
Figure 4.3: Corrosion cell in the three-electrode configuration.
Unless specified, the salt water solution was deaerated by continuously bubbling
Nitrogen (02<5ppm) into the cell. Deaeration started 45 minutes before the test. The
temperature was maintained constant with a thermostatic bath within 0.5"C of the target
value. Before starting the polarization, the free corrosion potential was monitored until it
stabilized to a constant value that was recorded. At that point, polarization curves or
constant polarization experiments were initiated.
4.2.3 Polarization curves
Potentiodynamic polarization scans were performed on both 2091 and its cladding. The
exposed plane was in the L-T orientation.
Potentiodynamic experiments were carried out in 1 M NaCl solution at 25"C. The scan
rate was chosen at 10 mV per minute. It was chosen so that the specimen would remain
as close as possible to electrochemical equilibrium. The starting potential was 100 mV
negative with respect to the open circuit potential. The scan was reversed when the
current density reached 40 mA/cm2. The breakdown potential was defined as a sharp
increase in the current. The specimen surface was observed after test to determine the
cause of the breakdown potential.
4.2.4 ASTM G69
Free corrosion experiments in ASTM G69 solution [82] are important to compare the
current results with those from the literature. ASTM G69 is a standard used to rank
aluminum alloy corrosion properties. Contrary to deaerated solutions where the free
corrosion potential is very sensitive to the amount of dissolved oxygen, the corrosion
potential in ASTM G69 is very reproducible from one laboratory to the other. The
standard states that the samples needs to be immersed in a fresh ASTM G69 solution
(5.85 wt% NaCl + 9ml±-lmL/l % H20 2). The corrosion potential is monitored
continuously. The reported potential is the average of the measurements taken every 5
minutes during the last half an hour of a one hour long test.
ASTM G69 simulates also an oxygenated NaCl aqueous solution.
4.2.5 Pitting depth curves
These curves were derived for the clad and the bare 2091 in the L-S orientation. This
plane corresponds to the place of location of highest stress in the corrosion fatigue
experiments that are going to be described later. Current was recorded as a function of
time. After immersion, samples were sectioned and the resulting cross-sections were
mounted in bakelyte for observation with an optical microscope. Pit depth was measured
in different planes by grinding away the specimens. Extreme value statistics were used in
an attempt to determine the maximum pit depth and detect any experimental artifact.
4.2.5.1 Effect of cladding.
The effect of cladding on pitting rates of the base metal was evaluated. Samples were
immersed in IM NaCl at 25"C under a potential of -660 mV(SCE). Current was
monitored and the sample was removed every 3000 seconds to measure the extent of
surface corrosion. Scanning Electron Microscopy (S.E.M.) was used to assess the
surface damage and its location.
4.3 Corrosion fatigue
Fatigue crack growth rates were derived in air and sodium chloride using Center Crack
Panel. Fatigue initiation was studied in air, ASTM G69 solution and 1M NaC1.
Specimen geometry simulated a section of fuselage skin with a centered rivet hole.
4.3.1 Fatigue initiation
Specimen geometry is shown in figure 4.4. This geometry simulates a section of
fuselage skin with a rudimentary rivet hole.
Figure 4.4: Specimen geometry for study of fatigue crack initiation
It acts as a notch with a stress concentration factor of 2.7 [83].
Prior to fatigue testing, the walls of the hole were ground with 400 grit and 600 grit sand
paper to remove machining marks. The surface was polished to a mirror finish with 3
gim diamond paste. The surface around the rivet hole was polished with diamond paste
over an area of lcm2 on both sides. Lacquer was then applied all over the specimen
except on the polished zones.
Fatigue tests were run in air, ASTM G69 and 1M NaC1, at different frequencies and
stress level when needed. The R-ratio was kept at 0.05.
* The test frequency in air was 10 Hz and the stress range were 100,120 and 140 Mpa.
100 Mpa or 15 ksi is characteristic of the fuselage hoop stress.
* In ASTM G69, the tests were run at frequencies of 0.1, 1, 10 and 20 Hz. The stress
range was kept at 100 Mpa. Tests in ASTM G69 were used to simulate a real service
environment.
* In NaC1, test frequencies were 0.1, 0.3, 0.5, 1, 5 and 10 Hz. Stress range were
65,80,100,120 and 140 Mpa. Due to a lack of material, the whole matrix of test has
not been completed. Tests under controlled potential were used to validate our model
of fatigue initiation from corrosion pits.
The potential was kept at -660 mV(SCE) with a Schlumberger 1286 potentiostat
during fatigue testing for most of the tests. For comparison, a potential of -1200
mV(SCE) and -800 mV(SCE) were also used for two tests at 1Hz and 100 MPa.
4.3.2 Fatigue propagation
Fatigue crack growth rates were derived using Center Crack Panel, 76.2 mm wide and
1.6 mm thick. A thin centered notch was made with a jeweler saw to facilitate crack
initiation. Measurements were carried out in air and 1M NaCl. In IM NaCl, an anodic
potential of -750 mV(SCE) was applied. Specimen tested in NaC1 were always
precracked in NaCl prior to measurements. This was necessary to ensure against closure
due to the rough relief created by fracture in air.
Stress ranges of 23 and 56 Mpa were used. Crack growth rates were compared at 5 and
10 Hz in the low AK regime where differences may arise.
A traveling microscope was used to monitor the crack length on the surface. The number
of cycles necessary to grow a crack of 400 pm in length was recorded. Sometimes, it
was not possible to detect such a crack before it became a fully developed through
thickness crack.
Crack growth rates were derived by monitoring crack length as a function of the number
of cycles. Once again a traveling microscope was used. Crack lengths were processed
using the seven point polynomial [84]. No correction was made to account for the
cladding thickness. The stress intensity factor for centered crack panel is:
AK = Aor
cos[ ]
4.3.3 Experimental set-up.
The experimental set-up for fatigue in IM NaCl is shown in Figure 4.5. A corrosion cell
is connected to a 10 liter tank by a recirculation loop. A Master Flex pump is used for
recirculating the solution. 1 hour prior to testing the solution was deaerated by bubbling
Counter electrode
Sample is working electrode
Reference Electrode
Saturated KCI
Figure 4.5: Experimental set-up for corrosion fatigue in NaCI under controlled potential.
Nitrogen into the tank. The corrosion cell design is similar to Figure 4.3. However,
there are two platinum counter electrodes in the corrosion fatigue cell instead of one.
They are located on each side of the specimen. A Luggin probe was positioned within 2
to 4 mm far from the specimen surfaces to prevent hydrogen bubble from interacting
with the tip of the probe. The Luggin probe was connected to a reference Saturated
Calomel Electrode (S.C.E.) through a KCl salt bridge.
The specimen and the corrosion cell were sealed with RTV 108 silicon gel. For testing in
ASTM G69, an open cell was used and the solution changed every 6 hours.
Crack initiation was defined as the detection of a 400 pm surface crack. Crack length was
monitored using the traveling microscope of section 4.3.2.
In some cases, it was not possible to detect such a crack before it became a fully
developed through thickness crack. In this case, the number of cycles was written down
along with the corresponding crack length.
4.4 Microscopy
Microscopy was used to analyze the microstructure of 2091 and determine fatigue
initiation sites.
4.4.1 Optical Microscopy
Samples were cut from 2091-T351 Alclad plate to study the grain structure and particle
distribution. The samples were ground and polished with diamond paste. The grain
boundaries were revealed either by a modified Keller's etch reagent of a FeCN6, NaOH
etch. Particles were revealed using the FeCN6, NaOH etch.
4.4.2. Fractography: S.E.M Microscopy.
A Topcon ABT-150S was used for all scanning electron microscopy S.E.M analysis.
Preparation of fracture surfaces was critical for doing high resolution fractography. As
soon as a fatigue test was completed, the specimens was removed from the sodium
chloride solution without drying. Then, they were rinsed in distilled water and cleaned in
a NaOH solution ( or any alkaline equivalent such as soap) for 30 seconds. Aluminum
oxide is not stable in oxide solution and pitting does not occur at this pH. After
immersion in NaOH, the specimens were rinsed again in distilled water and isopropyl
alcohol and then dried up and stored in a controlled atmosphere.
This procedure ensured against any deposit of sodium chloride on the surface. Once
sodium chloride or corrosion by-products are deposited, it is impossible to dissolve them
away without damaging the fracture surface.
5.0 EXPERIMENTAL RESULTS
5.1 Physical metallurgy of 2091-T351 Alclad.
The microstructure of 2091-T351 is shown in Figure 5.1. A slight etch outlines the
constituent particles. The Constituent particles are oriented along the rolling direction. A
higher magnification micrograph (S.E.M) is shown in Figure 5.2. along with results of
EDX analysis. The particles contain Aluminum, copper and magnesium . Lithium is below
the detection limit. The volume fraction was estimated to be approximately 3.4 % by image
processing. Their average size is 10 gim.
Figure 5.3 is an etched cross-section of the sheet thickness. The cladding thickness is
estimated to 95 gm, that is 12 % of the overall thickness cross-section
Figure 5.3 shows also that the grain structure varies across the specimen thickness. In the
center of the specimen, the grains are not fully recrystallised and are very elongated. In the
cladding vicinity, the grains are fully recrystallised and slightly elongated along the rolling
direction. Figure 5.4 is a magnified view of the grain structure in the vicinity of the
cladding. Using the line intersect method the grain size is estimated to 15gm x35gm.
5.2. Corrosion and Electrochemical properties of alloy 2091-T351 Alclad
5.2.1 Polarization curves
Figure 5.5 shows a polarization scan for 2091-T351 in IM NaCl at 25"C. The material
exhibits a breakdown potential at -685 mV(SCE). After test, pitting is observed on the
specimen surface. The rest potential is -940 mV(SCE) and the repassivation potential is -
1.0 V(SCE). Once corrosion has started, spontaneous repassivation does not occur and
pitting corrosion does not stop.
The polarization behavior of the cladding is shown in Figure 5.6. The cladding exhibits
also a breakdown potential. It is lower than for the base metal at -760 mV(SCE).
Examination of the surface shows pitting dissolution along the rolling direction. The rest
potential is -910 mV(SCE) and the repassivation potential is -960 mV(SCE). As
previously, spontaneous repassivation does not take place.
5.2.2 ASTM G69
The potential response during a G69 test is shown in Figure 5.7. After a sharp increase
upon immersion, the potential decreases steadily down to a plateau. The average value of
the potential in the last half hour is -695 mV(SCE), that is close to the pitting potential
reported in the previous paragraph. Some shallow pits are observed on the surface after the
test.
The environment is an aerated solution which will be representative of the alloy behavior
when it is not coupled to any dissimilar metal by a riveted joint for example.
5.2.3 Constant Potential
5.2.3.1. Current versus time
The variation of the current with time during a potentiotiastic test (-660mV(SCE)) for
Alclad material, is illustrated in Figure 5.8. During polarization of Alclad specimen at -660
mV(SCE), the current reaches quickly a plateau during the first 5000 seconds and then
decreases linearly down to another plateau. The first plateau corresponds to the dissolution
of the cladding and the second plateau corresponds to the current density of the base metal.
During the decreasing current portion of the test, the cladding is dissolving exposing more
base metal.
In Figure 5.9, a cross-section of a specimen removed just at the onset of the current
decrease shows islands of cladding. Figures 5.10 and 5.11 show that pitting of the base
metal is very mild while the cladding is dissolving. The pitting morphology of a clad
specimen in Figure 5.10(a) must be compared to the one in Figure 5.10 (b) where an
unclad specimen had been immersed for the same time. The clad specimen presents mild
pitting around constituent particles. The unclad specimen is severely pitted and the
constituent particles have disappeared.
5.2.3.2. Pitting morphology
At a potential of -660 mV(SCE), breakdown of the oxide film results in corrosion pitting in
alloy 2091-T351 and general corrosion of the cladding. When 2091-T351 Alclad is
polarized, the cladding material dissolves first and then 2091-T351 starts pitting.
Pitting is extremely fast as shown in Figure 5.12. In the first half hour, pits of 120
microns in depth have already developed. Figures 5.12-5.14 illustrate the mechanism of
pitting dissolution in the chosen experimental conditions. Pitting proceeds according to a
two stage process. At first, one observes localized dissolution of lines oriented along the
rolling direction . After this, bulk dissolution of grains takes the resulting in the formation
of a pit. This process is illustrated in Figures 5.12-5.14.
It should be noticed that an occluded cell is formed just after the surface attack shown on
Figure 5.13.2, isolating the environment from the bulk solution and thus enhancing the
dissolution process.
5.2.3.3. Pitting curves
Figure 5.15 illustrates the variation of pit depth and morphology accross the sheet
thickness. For unclad alloy 2091-T351, pits develop evenly across the specimen thickness
during the first 20,000 seconds. After this time, pit coalescence takes place on the edges
whereas pits located at the center of the specimen grow at a much lower rate. Figure 5.16
displays the statistics of pit depth with time. At short times, a single pit population is
identified. At long times, two pit population develop. Pit depths measured at the center of
the plate are in dark grey and pit depths measured at the edges of the plate are in light grey.
On sample cross-sections shown in Figure 5.15, no difference can be detected between the
two populations during the first 20,000 seconds (average between 14,000 seconds and
25,200 seconds). Shortly after, one can clearly differentiates between the two populations.
The statistics of the extreme values are applied to the distributions of Figure 5.16 to
estimate the maximum pit depth. The statistics turned out to be of limited usefulness
because of a crevice corrosion problem which artificially enhanced pit depth by corroding
the specimen from an edge that should have been protected. Once the maximum pit depth is
derived, one can plot it as a function of time to get the so-called pitting curve in Figure
5.17.
The shape of the pitting curve can also be approximated by two power laws, one for short
times and one for long times. The breaking point is located around 24,000 seconds. The
exponent for short times is estimated to be approximately 2/3 and the exponent for long
times to 1/3. The value of 1/3 is an approximation dependent upon the time chosen for the
transition between short and long times.
The shape of the curve at long times is similar to the one reported in the literature for
aluminum in tap water [25]. The equations for the fitted curves are:
For times less than 24,400 seconds
dM, = 0.74 to.68 Pm
For times greater than 24,400 seconds
dMax = 25 t0.33 tm
In Figure 5.18 are plotted the pitting curves corresponding to the clad and unclad material.
The clad material behaves slightly differently from the unclad materials because of the
cladding. Referring to Figures 5.10.1 and 5.11 , it is seen that pitting is severely restricted
on the base metal. Interface dissolution occurs around constituent particles. However, no
pit is seen on cross-sections because corrosion is too mild. Once the cladding is dissolved,
pitting initiates and pits are observed on cross-sections as in the 2091 case.
5.3. Corrosion-Fatigue: S-N curves
Fatigue data were collected in the traditional form of S-N curves and da/dN-AK curves for
stress ranges of 65, 80, 100,120 and 140 MPa and frequencies of 0.1,0.3,0.5,1, 5 and 10
Hz. The R-ratio was 0.05.
5.3.1 Fatigue crack growth rates
The fatigue crack growth rates are plotted in Figure 5.19. The effect of frequency between
1 and 5 Hz is negligible at low AK. A change in the curve slope is noticed at a stress
intensity factor of 9 Mpa4m).
The crack growth rate data are fitted to a power law. The results of the regression for
specimens tested in NaC1 are:
For AK less than 9 MPa m :
da = 2.67 10-7 AK2.76 mm/cycle
dN
For AK greater than 9 MPadm :
da = 2.57 10-6 AK'. 74 mm/cycle
dN
5.3.2 S-N curves.
The number of cycles to initiation of a 400 pm long crack and to final fracture are displayed
in Tables 5.1-5.3. In air, the scatter is a lot more significant than in sodium chloride where
results are very reproducible for a frequency of 1 Hz. Figure 5.20 illustrates the effect of
environment on fatigue lives. A factor of 3 to 5 in fatigue life reduction is observed. The
lower the stress, the larger the decrease. Scatter in air is much more significant than scatter
in salt water. Since the propagation stage is considered as almost deterministic, the
initiation stage is likely to be the source of scatter. A sharp reduction of the as-defined
initiation life would lead to a reduction in scatter.
Table 5.1: 2091-T351 Alclad. In 1M NaCl, -660 mV(SCE), RT., R=0.05, f=1 Hz.
Specimen Stress Cycles to Cycles to
ID (MPa) initiation failure
1 65 76000 160500
2 65 83000 185000
3 80 (-) 96219
4 100 25724 55621
5 100 21800 54707
6 100 (-) 55600
7 100 (-) 50387
8 120 24960 42196
9 120 17696 38788
10 140 14900 26937
11 140 14800 27399
12 140 12800 23590
Table 5.2: 2091-T351 Alclad,
Specimen Stress Cycles to Cycles to
ID (MP initiation failure
1 100 184230 262802
2 100 213612 326294
3 100 180000 275210
4 100 300000 374705
5 120 110000 149002
6 120 140000 179858
7 140 78000 100329
8 140 58000 82578
Table 5.3: 2091-T351 Bare, in NaC1, R=0.05, f=10 Hz
Specimen Stress Cycles to Cycles to
ID (MPa) initiation failure
1 65 48000 125474
2 80 20400 77833
3 100 21000 52959
4 140 9800 21085
Figure 5.21 illustrates the effect of potential on fatigue initiation life. For a cathodic
potential of -1200 mV(SCE), fatigue did not initiate. In air, fatigue initiated around
190,000 cycles. In ASTM G69 and in IM NaC1 at -800 mV(SCE), fatigue lives are
similar (83,000 and 100,000 cycles). Above the pitting potential of 2091, at -660
mV(SCE), fatigue initiation life is sharply reduced with respect to the one in air. Figure
5.22 illustrates the effect of frequency on fatigue initiation life in ASTM G69 at 100 MPa.
Little effect is observed.
5.4. Fractography
The fractographic analysis played a critical role in this work. This required a very
methodical and careful treatment of the fracture surfaces after completion of fatigue tests.
These fractographic results represent the first careful analysis of its type.
in air, R=0.05, f=10 Hz
5.4.1. Initiation of corrosion fatigue cracks.
Figure 5.23.1 shows a fractograph of an initiation site in a clad material tested at 5 Hz.
Stage I fatigue at the clad/base metal interface is obvious because of the crystallographic
facets . Pitting is scarce or inexistent for clad material tested at 5 and 10 Hz. Figure 5.23.2
shows fatigue initiation in a specimen maintained in the passive range at -800 mV(SCE).
Crack initiation takes place in the cladding by slip band cracking
Figure 5.24 is a typical fractograph that is representative of unclad material at any tested
frequency and stress range and for clad material at frequency less than or equal to 1 Hz.
Examination of the fracture surfaces shows that corrosion pits are always the cause of
initiation. Table 5.4 summarizes the fractographic results dealing with the cause of fatigue
initiation.
Table 5.4 : Fatigue crack initiation mode (C: Clad ; U: Unclad)
G.C.: General corrosion ; P: Pitting; S.B.C.: Slip Band Cracking.
f/Aa 65 MPa 80 MPa 100 MPa 120 MPa 140 MPa
0.1 Hz (C) - - G.C-P
0.3 Hz (C) - - P- G.C.
0.5 Hz(C) - - P- G.C. - -
1 Hz (C) G.C.-P P P P P
5 Hz (C) - - S.B.C. - -
10 Hz (C) - - S.B.C. - -
10 Hz (U) P P P - P-S.B.C.
In the pitting regime illustrated by Figure 5.24, corrosion fatigue cracks initiate at multiple
corrosion pits and propagate with a semi-elliptical front. Figures 5.25 illustrates a detail of
microscopic interaction between two neighboring pits. The river lines are radiating from the
pits. The fracture patterns show a junction line at midway between the two pits. At the
intercept between this line and the rivet hole, a third pit is present on an another plane.
Interaction with its neighbors has created a hole. In this case, the original interpit
separation distance was of the order of 60 microns corresponding to 15 corrosion pits
taking part in the fatigue initiation process along the sheet thickness.
Once pitting has initiated a fatigue crack, corrosion fatigue flaw propagates with a semi-
elliptical front until crack coalescence takes place and it forms a through thickness crack.
Figure 5.26 summarizes the sequence of through thickness crack formation when pits are
the cause of fatigue initiation. Fatigue cracks initiate from corrosion pits which are located
on different planes. They grow, interact and coalesce to form a series of steps at the
surface. Further away from the surface, the crack front will propagate on a single plane.
5.4.2 Effect of stress intensity factor.
Figure 5.27 is a magnified view of Figure 5.24. A closeexamination of the fracture surface
reveals two different cracking regimes, one at low AK and the other at high AK. The low
AK region is identified because it corresponds to the propagation of semi-elliptical cracks
shown on Figure 5.24. Since crack propagation is slower, the surface is oxidized to a
greater extent and appears darker in the S.E.M. (Scanning Electron Microscope)
fractograph. Figure 5.27 shows high magnification fractographs of the different regimes of
crack propagation. At low stress intensity (region I), the surface is characterized by large
facets typical of a brittle cracking mechanism. At high stress intensity (region II), the
surface exhibits ductile features and a significant amount of secondary cracking. The
transition is clearly illustrated in Figure 5.27.
5.4.3 Initiation of corrosion fatigue cracks from corrosion pits.
Figure 5.28 shows the sequence of the crack initiation process in aluminum 2091-T351 at a
frequency of 1 Hz. At first, a semi-circular crack initiates at the intercept between the
corrosion pit and the wall of the rivet hole. Figure 5.28.1 shows a corrosion pit at the
center of a crack. The tip of the pit is in contact with the crack apex. In Figure 5.28.2, a
corrosion pit is illustrated at a later stage: It has grown further to an elongated shape. The
corrosion fatigue crack still propagates from the surface. Finally, in Figure 5.28.3, a fully
developed semi-elliptical crack is clearly visible with a corrosion pit at its center.
5.4.4 The transition between corrosion pitting and corrosion fatigue.Figure
5.29 shows the fracture surface of the region between the pit and the fatigue crack. Figure
5.29.1 is a magnified view of the tip of the flaw shown in Figure 5.28.3. A transition
between the corroded area and the corrosion fatigue crack can be seen. The corroded zone
exhibits lines of crystallographic pits which are oriented along the rolling direction. This
corroded zone is present around the periphery of corrosion pits and is similar to the one
seen in Figure 5.1:2.
Figure 5.29.2 shows the fracture surface of a specimen tested at a frequency of 10 Hz and
a stress range of 140 Mpa. The pit depth is small. In fact, the corrosion pit is not fully
developed. The corrosion is similar to the first stage described in Figure 5.12. No real
cavity is seen as in Figure 5.29.2.
Figure 5.29.3 is the view of the sides of a corrosion pit grown at a stress range of 140 Mpa
and a frequency of 1 Hz. In this instance, lines of crystallographic pits which are aligned
like fatigue striations are observed. The transition is further illustrated in Figure 5.30. The
sharp transition between a corroded zone and corrosion fatigue is outlined by the line in the
black ellipse.
Figure 5.31 gives an overview of the corroded zone that extends between the corrosion pit
and the corrosion fatigue domain. A flat surface surrounds a corrosion pit. This is not
intergranular corrosion as shown by figure 5.32 which is a cross section of a plane parallel
to the tensile axis and the plate thickness. At the top is the fracture surface. The tensile
stress axis is vertically oriented. Cracks have initiated around corrosion pits and they are
perpendicular to the tensile stress. They remain perpendicular to the tensile stress over a
distance of two to three grain width. Thereafter, either they stop or they deflect from the
horizontal with an angle between 45 and 70 degrees. Figure 5.33 is an illustration of a
crack which has arrested at the end of the corroded zone. Its tip is clearly blunted.
To caracterize further the specificity of the transition zone, Figure 5.34 illustrates crack
initiation in air from a precorroded specimen. A corrosion pit is outlined by a black ellipse.
River lines show that the corrosion pit is the cause of crack initiation. However, no
corroded zone surrounds the pit. On the right hand side, some corrosion similar to the one
displayed in Figure 5.12 is present. However, the fracture surface is very rough.
5.4.5 Pit depth as a function of stress range and test frequency.
Figure 5.35 illustrates typical cases of corrosion pits found on a fracture surface. At very
low frequency, deep pits are present on the specimen edges as in Figure 5.15. As
frequency increases, the pit depth decreases.
Pit depth were recorded on the fracture surfaces of broken specimens and the results are
presented in Tables 5.5-5.13. A graphic illustration is shown in Figures 5.36-5.38'. Pit
depth varies sharply with test frequency. Also, pit depths vary over a wide range. The
higher the stress, the lower the scatter. The maximum pit depth can be approximated by a
power law of the inverse of the stress range.
Table.5.5: Pit depth (gm), Aa=140 Mpa, R=0.05, f=l Hz.
ID 1 2 3 4 5 6 7 8 9 10
1 186 179 170 126 112 82 - -
2 140 189 114 100 94 104 105 -
3 120 112 82 129 136 301 109 108 102 98
Table.5.6: Pit depth(gm), Aa=120 Mpa, R=0.05, f=l Hz.
ID 1 2 3 4 5 6 7 8 9 10 11 12 13
1 100 180 200 133 183 153 126 140 98 160 220 - -
2 190 146 176 258 126 127 340 93 140 134 166 200 150
Table.5.7: Pit depth(gm), Aa=100 Mpa, R=0.05, f=l Hz.
ID 1 2 3 4 5 6 7 8 9 10 11
1 276 296 255 150 242 363 180 220 160 - -
2 354 304 152 336 388 292 207 208 182 232 233
3 324 242 262 241 202 284 254 218 350- - -
Table.5.8: Pit depth(gm), Aa=80 Mpa, R=0.05, f=1 Hz
ID 1 2 3 4 5 6 7 8 9 10 11 12
1 600 372 366 588 80 60 526 597 482 200 292 236
Table.5.9: Pit depth(tm), Aa=65 Mpa, R=0.05, f=1 Hz.
ID 1 2 3 4 5 6 7 8 9 10
1 659 257 366 484 574 634 265 914 - -
2 1071 198 188 632 775 482 530 589 569 377
Table 5.10: Pit depth(pm), Aa=140 Mpa, R=0.05, f=10 Hz.
ID 1 2 3 4
1 20 23 28 34
Table 5.11: Pit depth(jgm), Aa= 100 Mpa, R=0.05, f= 10 Hz.
ID 1 2 3 4 5 6 7 8 9 10 11 12
1 70 52 62 50 42 66 85 80 66 46 54 74
Table 5.12: Pit depth(tm), Ao=80 Mpa, R=0.05, f=10 Hz.
ID 1 2 3 4 5 6 7 8 9 10 11 12
1 69 74 90 62 85 113 74 108 74 94 72 63
Table 5.13: Pit depth(Agm), Aao=65 Mpa, R=0.05, f=10 Hz.
ID 1 2 3 4 5 6 7 8 9 10
1 120 66 124 90 124 160 128 106 150 80
5.5. Conclusions
In IM NaCI at 25TC, both 2091-T351 and its cladding have a breakdown potential, which
results in pitting corrosion. Pitting potentials are -690 mV(SCE) and -760 mV(SCE) for
2091-T351 and its cladding respectively.
When 2091-T351 Alclad is polarized at -660 mV(SCE), the cladding dissolves readily
protecting 2091-T1351 against pitting during its removal. Afterwards, 2091-T351 starts
pitting. Pitting corrosion is a two stage process where bulk dissolution is preceded by
corrosion attack along the rolling direction.
Pit depth has been recorded as a function of time and it is aproximated by a power law
whose exponent vary with time. At long times, the exponent is one third. At short times, it
is two thirds.
The environment sharply accelerates fatigue crack growth rates even though the test
frequency does not have an effect between 1 and 5 Hz. Fatigue lives are sharply reduced in
the environment when compared to the ones in air.
In 2091-T351, at a potential of -660 mV(SCE), a corrosion fatigue crack is a defect where
both pitting and corrosion fatigue contribute to the advance of the flaw front.
Pit depth is a strong function of stress range and test frequency. The higher the stress and
frequency, the smaller the pit.
Figure 5.1: 2091-T351. Etched with NaOH, Fe(CN)6' Particles are oriented along the
rolling direction.
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Figure 5.2: EDX spectrum of a constituent particle: aluminum, copper, iron and
magnesium are detected. Lithium is not.
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Figure 5.3: 2091-T351. Variation of grain structure across the specimen thickness.
Figure 5.4: 2091-T351. Effect of orientation on the grain structure close to the specimen
surface. Keller's etch.
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Figure 5.6: Clad material: Potentiodynamic curve.
Rest potential: -900 mV(SCE)
Breakdown potential: -762 mV(SCE)
Repassivation potential: -950 mV(SCE)
2091-T351 Alclad: cladding
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Figure 5.7: Solution potential (-695 mV(SCE)) measured according to the ASTM G69
standard. For one liter of aqueous solution: 58.5 g NaCl + 10 ml H202
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2091-T351 Alclad: Current as a function of time.
in IM NaCl at -660 mV(SCE), RT.
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Figure 5.8: Current evolution with time when 2091-T351 Alclad is maintained at a constant
potential of -660 mV(SCE) in a 1M NaCl solution. Current densities at the plateaus
correspond to respectively the cladding (high), and the base metal (low).
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Figure 5.9: 2091-T351 (L-T): cross-section of the cladding. Islands of clad materials are
still on the base metal after 5000 seconds. Etched with NaOH, Fe(CN)6. Note that whengrain boundaries are clearly seen, they are covered with constituent particles.
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Figure 5.10: Exposed surface of 2091-T351. Immersed in 1M NaCl at -660 mV(SCE) for3600 seconds.
5.10.1 In Alclad: Dissolution of the matrix/constituent particles interface. Islands of
cladding are still present. A 70 micron wide strip of materials is corrosion free.5.10.2: In 2091-T351 bare: corrosion pits are already well developped.
Figure 5.11: Fatigue specimen tested for 10,000 seconds at 1Hz under a stress range of100 Mpa. In IM NaCI at -660 mV(SCE). Pitting is still very mild at that stage. An island of
cladding is still dissolving. The cladding on the left hand side was covered.
Figure 5.12: Cross-section of 2091-T351 (L-T) exposed to a IM NaCI at a potential of -660 mV(SCE) for 0.5 hour. Corrosion proceeds according to a two stage process: the first
stage is dissolution of thin lines oriented along the rolling direction ; the second stage is
bulk dissolution or corrosion pitting.
5.13.2
Figure 5.13: 2091-T351 L-T exposed to IM NaCi at a potential of -660 mV(SCE).
5.13.1: Surface (early stage): corrosion lines initiate within some preferentially oriented
grains.
5.13.2: Cross-section: pit contours outline the dissolved grains. The pit mouth is extremely
small and an occluded cell develonns readily (clad materials: 21.000 seconds of immersion).
Figure 5.14: Polished fracture surface of a specimen tested at 120 Mpa and 1 Hz in 1M
NaCl and -660 mV(SCE). A corrosion pit is visible at the top. The etched picture shows it
is constituted of dissolved grains. Tensile axis is perpendicular to the plane of the picture.
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Figure 5.15: Cross-section of 2091-T351 bare (L-T). Exposed to a IM NaCi solution at a
potential of -660 mV(SCE), RT. Immersion times: (5.15.1): 10,000 seconds ; (5.15.2):
25,200 seconds ; (5.15.3): 65,000 seconds. Colalescence of corrosion pits located on the
specimen edges took place between 14,400 seconds and 25,200 seconds.
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2091-T351: pit size distribution as a function of location
In IM NaCL, -660 mV(SCE), 25 C, 1800 second exposure
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2091-T351: pit size distribution as a function of location
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2091-T351: pit size distribution as a function of location
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2091-T351: pit size distribution as a function of location
In IM NaCL, -660 mV(SCE), 25 C, 14400 second exposure
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2091-T351: pit size distribution as a function of location
In IM NaCL, -660 mV(SCE), 25 C, 25200 second exposure
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2091-T351: pit size distribution as a function of location
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2091-T351: pit size distribution as a function of location.
In IM NaCl, -660 mV(SCE), 25 C, 43200 second exposure
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Figure 5.16.1: 2091-T351 bare: Pit depth distribution as a function of location across the
specimen width and exposure time.
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2091-T351: pit size distribution as a function of location.
In IM NaCI, -660 mV(SCE), 25 C, 65,000 second exposure
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2091-T351: pit size distribution as a function of location
In IM NaCL, -660 mV(SCE), 25 C, 86400 second exposure
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Figure 5.16.2: 2091-T351 bare: Pit depth distribution as a function of location
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Figure 5.17: 2091-T351 bare. Maximum pit depth as a function of the immersion time. In
IM NaC1, -660 mV(SCE), RT, deaerated.
2091-T351: effect of cladding on pit depth
In 1M NaCI, -660 mV(SCE), RT.
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Figure 5.18: 2091-T351 Alclad. Maximum pit depth as a function of the immersion time.
In IM NaC1, -660 mV(SCE), RT, deaerated. The cladding shifts along the time axis the
pitting curve of the bare materials.
2091-T351 Alclad
Effect of frequency and stress intensity factors on crack growth rates.
In IM NaCI, -750 mV(SCE), RT, R=0.05.
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Figure 5.19: 2091-T351 Alclad. Effect of test frequency on fatigue crack growth rates.
In IM NaCi at -750 mV(SCE). R=0.05. A change in slope is observed around 9 MPa m.
2091-T351: Effect of environment on fatigue lives.
R=0.05, RT.
2091-T351: S-N curves.
In IM NaCI, -660 mV(SCE), RT, R=0.05.
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Figure 5.20: 2091-.T351. Effect of the environment on fatigue lives. Initiation is defined as
the number of cycles necessary to grow a fatigue crack, 400 gm in length.
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Figure 5.21: 2091-T351 Alclad. Ac= 100 MPa, R=0.05. f=1 Hz. Effect of potential on
fatigue initiation life.
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Figure 5.22: 2091-T351 Alclad. Aa=100 MPa, R=0.05. In ASTM G69.
-0.60
-0.70
-0.80
o -0.90
-1.0
a.
-1.1
-1.2
-1.3
106
105 I.........
I I
104
0.1
i i i !-
·-
·--- ·- · ·-- ·-- ·--
·-
F
r Iiir
100
I I-L
10 4
:0.05
ý" If ...........
I
Figure 5.21: 2091-T351 Alclad.
(a): Aa=100 Mpa, f=5 Hz, -660 mV(SCE). (b): Ao=100 Mpa, f=1 Hz, -800 mV(SCE)
Crack initiation takes place at the corner. Slip band cracking at the cladding base-metal
interface is the cause of crack initiation.
Figure.5.24:. 2091-T351, no clad, Aa=80 Mpa, f=10 Hz, -660 mV(SCE). Fatigue cracks
initiate from corrosion pits, propagate with a semi-elliptical front, interact and form a
through thickness crack.
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Figure 5.25: Details of macrocrack formation from two neighboring corrosion pits.
Aa=100 Mpa, f=10 Hz, in 1M NaC1, -660 mV(SCE).
SCrack growth
/
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Figure 5.26: Alclad specimen tested for 15,000 cycles at a frequency of 1 Hz.
Aa= 100MPa, R=0.05. Tilt 45. Illustration of a through thickness crack formation. Cracksinitiate from corrosion pits at different levels and propagate until their surface tips overlapp.At that stage coalescence occurs and a through thickness crack is created. Coalescence
occurs through cracks that are paralell or near parallel the tensile axis: these are mode II
cracks which may be along grain boundaries. At this early stage, roughness induced
closure is probably very significant.
Figure 5.27: Enlarged view of figure 2. Fracture surface morphology. Top: Region I, lowAK, large facets are visible, brittle. Bottom: Region II ; no facet, ductile, secondary
cracking. high AK, Middle: transition.
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Figure 5.28: Fatigue tested in NaCl at -660 mV(SCE) under a stress range Aa of 100 Mpa.R=0.05, f=1 Hz.The test was stopped at an early stage, the specimen removed from theNaCI solution and rinsed in water and ethanol, and dried up. An Overload was applied andthe specimen was broken in air.
- (5.28.1): Very early stage: crack front is semi-elliptical. The tip of the corrosion pit is incontact with the crack front.
- (5.28.2) The corrosion pit is fully developped. The flaw is clearly elongated. The tip ofthe corrosion pit is still in contact with the flaw front.
- (5.28.3) later stage: The corrosion pit and the flaw are independent. The front of the flawis still semi-elliptical. Colaescence with a neighboring crack is taking place.
) 1.82.5( (5.28.2)
, . . . . . .
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(5.29.1): 100 Mpa, 1Hz.
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(5.29.3): 140 Mpa, 1 Hz.
Figure 5.29: Transition between corrosion and pitting takes place in the first stage of thecorrosion process (5.29.1 and 5.29.2). When the frequency and stress range are high
enough, the second stage of corrosion (large scale pitting) is not present (5.29.2).Interaction between corrosion and the cyclic stress are illustrated in (5.29.3) where row ofcrystallographic pits form striations.
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Figure 5.30: 2091-T351 Alclad. Corrosion fatigue in IM NaCl at -660 mV(SCE). Stress
range is 100 Mpa, f=lHz, R=0.05. Afer 15,000 seconds, the test is stopped and the
specimen is rinsed in distilled water and ethanol, then dried up. Broken in air by fatigue.(5.30.1) Fractograph of a corrosion pit.(5.30.2) Same pit seen with a 45 degree tilt. There is a net transition between a corroded
zone and corrosion fatigue. A short stage I fatigue stage makes the interface.
Figure 5.31: Tested at 1 Hz under a stress range of 120 Mpa. R=0.05, In 1M NaCi,
-660 mV(SCE). Illustration of the initiation of corrosion fatigue cracks from corrosion pits.
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Figure 5.32: As=140 Mpa, f=1 Hz, R=0.05, in 1M NaC1, -660 mV(SCE).
Etched with Fe(CN)6, NaOH: cracks that emanate from pits are transgranular. Note the pit
shape that outlines dissolved grains.
Figure 5.33: 2091-T351 Alclad, 80 Mpa, 1 Hz, R=0.05, in 1M NaCI at -660 mV(SCE).A crack emanates from the corrosion pit. The left side is going towards a neighboring pit,
whereas the right side is stopped and blunted. It extends over two grain sizes.
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Figure 5.34: Clad Specimen is precorroded for 15000 seconds in IM NaC1, -660
mV(SCE). Applied static stress is 100 Mpa. After precorrosion, the specimen is removed,
rinsed in distilled water and ethanol, then dried up. The specimen is broken by fatigue in air
under a stress range of 100 Mpa at 10 Hz. Note the absence of transition zone betweenpitting and fatigue. Corroded zone arond the corrosion pit have created a highly irregular
surface.
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(5.35.1): 0.1 Hz, 100 Mpa
(5.35.2): 0.5 Hz, 100 Mpa
(5.35.3): 1 Hz, 100 Mpa.
Figure 5.35: 2091-T351 Alclad: Effect of test frequency on pit depth.
2091-T351 Alclad: Pit depth as a function of stress range.
f=1 Hz, R=0.05
In 1M NaC1, -660 mV(SCE), RT.
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Figure 5.36: Effect of stress range on pit depth, f=1 Hz.
2091-T351 bare: Pit depth as a function of stress range.
R=0.05, f=10 Hz
In 1M NaCI, -660 mV(SCE), RT.
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Figure 5.37: Effect of stress range on pit depth, f=10 Hz.
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2091-T351: Effect of test frequency
In IM NaCI, -660 mV(SCE), RT.
R=0.05.
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Figure 5.38: Effect of test frequency on pit depth.
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6.0 Discussion and Models
6.1. Corrosion behavior of 2091-T351 Alumimum-Lithium Alloy.
6.1.1 Pitting corrosion in 2091-T351.
6.1.1.1 The pitting sequence
Pitting dissolution is a three stage process. As illustrated in Figure 5.10.1, constituent
particles are the initiation sites for pitting. Local galvanic cells are set up by coupling of the
intermetallic particles with the matrix. After initiation, dissolution proceeds along the rolling
direction by dissolving very thin lines of material as illustrated in Figures 5.12. Figure
5.13.2 illustrates the last stage which is bulk dissolution of the grains.
Grain boundaries are a key player in the pitting process for two reasons: first, Figure 5.9
shows that grain boundaries favor the nucleation of constituent particles. Second, Figure
5.11.1 outlines the contour of a corrosion pit and shows that the cavity walls are grain
boundaries. Preferential intergranular attack is not observed. Then, it is concluded that
grain boundaries are more resistant than grain interiors. This contour could have not been
created by grains which fell off because there is no preferential integranular corrosion.
Precipitate Free Zones (P.F.Z) may be the reason for this enhanced corrosion resistance but
no information is available in the literature.
Constituent particles which are located on grain boundaries help in setting up local galvanic
cells which damage grain boundaries and open the way for grain dissolution.
6.1.1.2 The relationship between the pit shape and the microstructure.
Cross-sections of corroded samples tend to show that grain boundaries are more resistant
than interior grains., This observation is supported by a simple kinetic argument.
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Let us consider a two-dimensionnal grain network of length L
Figure 6.1.
o
0
and width 1 as illustrated in
I
L
Lateral dissolution
Figure 6.1: Illustration of a two dimensionnal grain structure. A cavity has the same aspect
ratio as the individual grains if its diameter consists of the same number of grains as its
depth.
t is the time necessary to dissolve a grain boundary and v is the dissolution rate within a
grain. A corrosion pit propagating in the transverse direction requires a time TT to go from
one grain boundary to the next one. TT consists of the dissolution time of the first grain
boundary c, and the dissolution time of the interior of the grain along the transverse
direction, that is 1/v. The total dissolution time for transverse dissolution is t + 1/v.
Longitudinal dissolution of one grain takes TL equal to t + L/v.
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After an exposure of duration T, the average number of grains that have been dissolved is:
- Longitudinally: T/TL=T / (t + L/v ) which represents a depth of T / (r + L/v )*L
- Laterally: T/F=T / (t + l/v), which represents a width of T / (t + 1/v)*l.
The aspect ratio of the cavity is: (t + l/v) / (t + Uv)*(L/1).
If r is large compare to the time required to dissolve a grain, then the overall pit will have
the grain aspect ratio of 2091-T351. On the contrary, if it is small, the pit aspect ratio will
be equal to 1.
This analysis suggests that the aspect ratio of a corrosion pit equals the aspect ratio of the
original grains if the corrosion pit envelop consists of the same number of grains in the
lateral and longitudinal direction. This is observed only if the dissolution of grain
boundaries is the rate limiting step.
In the material studied, the average grain size is 1511mx35tm, which yields an aspect ratio
of 2.33. The measured average pit aspect ratio (depth/diameter) on cross-sections is
estimated at 2.5. The similitude of the two values confirms the very close relationship
between the corrosion pit and the grain structure. If the dissolution process was diffusion
controlled, the dissolution rate would be isotropic, but it is not the case since some grain
boundaries do not dissolve.
The results of the study confirm that grain boundary dissolution is a slow phase in the early
stages of the pitting process of 2091-T351 exposed to 1M NaCl at -660 mV(SCE). At short
times, the close relationship between the microstructure and the pitting process does not
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support the hypothesis of isotropic dissolution which would yield a pitting curve exponent
of 1/3.
An isotropic dissolution means that the dissolved volume is assumed hemispherical. Since
the total current reaches a plateau after an initial transient, and that pits are assumed neither
to initiate nor to stop, the volumetric dissolution rate for an individual pit should remain
constant equal to B since there is a linear relationship between the rate of dissolution and
the current. The volumetric rate of dissolution of a single pit can be approximated by:
d( a3 = B or a3 = B t which is equivalent to: a = B1/3 t1" / 3 = A t1 / 3
Instead of 1/3, an exponent value of 2/3 is estimated. One can also linearize the pitting
curve in the early stages. The previous approach supports a linear evolution of pit depth
with time.
Since the rate limiting step appears to be the dissolution of grain boundaries, the number of
dissolved grains during a period T is estimated by the ratio T/t, where t is the time
necessary to dissolve a grain boundary. In the longitudinal direction, the grain dimension
is L. The pitting depth can be expressed as a function of time as:
d(t) = -L (6.1)
From the pitting curve I is estimated to 1167 seconds. At 1800 seconds, the depth is
estimated to 112 rpm for the overall corrosion and 73 jim for the pit cavity. According to
our assumption, the maximum pit depth should be of the order of two grains assuming that
the first dissolved grain was intersecting the free surface (no incubation time) and that the
second grain is already dissolved. A third grain should then be about to be dissolved. The
pit cavity corresponding to grain dissolution is 73 Rtm. The corroded zone ahead adds
another 39 gim, corresponding to this third grain, not dissolved yet.
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At longer times, it is believed that pit coalaescence changes the rate limiting step from
interface control to mass transfer control. Corrosion pit are much larger due to coalescence.
On the one hand, many grain boundaries are available for potential attack within the pit,
leading to a reduced waiting time between grain dissolution and a smoother pit surface. On
the other hand, the diffusion length gets larger at longer times. The two phenomena would
support an isotropic metal dissolution which yields an exponent of 1/3 for the pitting curve.
6.1.2 The protective role of the cladding in the scope of the current thesis.
6.1.2.1 Potential drop during polarization of the cladding.
During controlled potential polarization, a Luggin probe is positioned in the vicinity of the
exposed metal, usually within 2 mm of the surface. The probe should not be too close in
order to avoid hydrogen bubbles that may form or a potential gradient that may be present
at the metal surface. In the current study, the solution used was 1M NaCI whose resistivity
is quite low, of the order of 12.9 Q2*cm [85]. However, the solution resistance cannot be
neglected at high current. The equivalent circuit for a corrosion cell is presented in Figure
6.2. One assumes that the current path is confined in a cyclinder which is perpendicular to
the electrode and has the electrode surface as basis. In this case, the total resistance as a
1function of the resistivity is equal to: R = p- where S is the electrode surface, p the
S
resistivity, 1 the distance between the Luggin probe and the electrode, and S the electrode
surface.
If i, the current density and I the total current, the applied potential is linked to the effective
potential by the following equation:
Vapplied = Veffective RI = Veffective + P I = Veffective + plis (6.2)
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Equation (6.2) is simply Ohm's law applied between point L and S, together with the
definition of the resistance of a conductor of length 1, surface S and resistivity p.
Equivalent circuit for solution
resistance
T ,el
L S
Itotal
Vapplied Veffective
C: Counter electrode
L: Luggin probe
S: Specimen
Figure 6.2: equivalent circuit for a solution resistance in a corrosion cell.
Figure 6.3 displays the polarization of the cladding above its pitting potential. For low
currents, the potential and the logarithm of the current density are connected by a linear
relationship, which in this case is approximated by:
V = 0.003 * [In(i,)]- 0.712 mV(SCE) (6.3)
Assuming that 1, the distance between the sample and the Luggin probe is equal to 0.1 cm
and p to 12.9 Q*crm equation (6.2) becomes:
V = 0.003[ln(i,)j- 0.712 + 1.29* is mV(SCE) (6.4)
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The curve fitting yields the following analytical solution:
V = -0.732 + 1.48 * is mV(SCE) (6.5)
A solution resistance of 1.48 Qcm 2 is inferred from (6.5), which corresponds to a distance
of 1.15 mm between the Luggin probe and theworking electrode.
6.1.2.2 Polarization of the composite material.
When 2091-T351 Alclad is polarized, both 2091-T351 and the cladding take part in the
corrosion process. In this case the potential drop is due to the total current. Defining the
following terms:
- Vapplied: Potential dialed on the potentiostat.
- Vefec,,ve: Potential experienced by the composite material.
- R: solution resistance.
- p solution resistivity.
- S, Selectrod: Exposed surface area of the composite
- Scladding: Exposed durface area of the cladding.
- Sbase: Exposed durface area of the cladding.
- xbase: area fraction of the base.
- xcladding, X area fraction of the cladding.
- I: Total current (as read by the meter).
- is : current density.
-ibase: current density of the base.
- isladding :current density of the cladding.
- 1: Distance between the Luggin probel and the composite material.
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- a,b: coefficient of the line representing the relationship Potential-Current in the Evans
diagram.
One assumes that the current path is confined in a cyclinder which is perpendicular to the
electrode and has the electrode surface as basis. In this case, the total resistance as a
1function of the resistivity is equal to: R = p- as in 6.1.2.1.
S
1
Vapplied = Veffective + RI = Veffective + P I 1 (6.6)
If (6.6) is rewritten with the specific current densities of the cladding and the base, one gets
(6.7):
V -.base icladding
Vapplid = Vefectiv e + P base s  + Sclaing (6.7)
Equation (6.7) can now be written in terms of area fraction:
Vapplied = Veffective + pl [Xbase * i as e + Xcladding * ladding (6.8)
Defining x as the cladding area fraction, the effective potential is now a simple function of
the area fraction when 1 and Vappledare given and constant.
Vp XV + [ )base + .x * cladding (6.9)Vapplied = Veffectiv e+pl [(1-x) t s + xt s ] (6.9)
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2091-T351 Alclad: Polarization of the cladding.
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Figure 6.3: Effect of potential drop on a polarization curve. Cladding of 2091-T351.
Top: Potential drop and its effect on the effective applied potential
Middle: " : Regression on the whole set of data for the estimate of the polarization
resistance.
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Numerical Application
From the polarization behavior of 2091 and its cladding, we will demonstrate that the
protective effect of the cladding was due to a temporary potential drop.
2091-T351 Alclad
Polarization curves for the cladding and the base metal.
10 mV/min
In 5.85 wt% NaCl, 25C, deaerated.
-U.bU
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Figure 6.4: Polarization curves for 2091-T351 and its cladding.
Numerical application:
Figure 6.4 shows the polarization curves for 2091-T351 and its cladding in IM NaCI at
25"C. Above the pitting potential of both alloys, the potential-current relationship is linear
up to the solution resistance effect. For convenience, theses curves are taken as parallel.
From the graph, the following equations are derived:
Base: Vapplied = 0.003 * ln(ijase) - 0.637 Volts (6.10)
Cladding: Vapplied = 0.003* In(icadding) - 0.700 Volts (6.11)
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When the composite material is polarized at a potential Vapplied, both 2091-T351 and its
cladding are at the same potential Vapplied . A relationship between the current densities of
the cladding and the base metal can be derived by equating Equation (6.9) to Equation
(6.11). On gets Equation (6.14):
(6.12)ladding = 1.32 109 *is =As asecl i  base  base
Equation (6.10) is only valid above the pitting potential of the base 2091-T351. Below the
pitting potential of the base metal, the current density is given by Equation (6.11) which is
still valid. The current density of the base metal is almost constant and equal to 5gA/cm2.
Figure 6.5 is a schematic of the Evans diagram of Figure 6.4.
CD2
Ibb
ibase(1) icladding(1) ibase(2) icladding(2)
Figure 6.5: Schematic of the polarization behavior of 2091-T351 Alclad
In the range of potentials, where the clad is dissolving and the base metal is passive, the
current is almost given entirely by the cladding. When both metals are active, Equation
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(6.12) shows that the current of an active composite material is almost entirely due to the
cladding, except when its surface area fraction goes to zero.
Our hypothesis is that the effective potential is solely controlled by the clad. Once again,
the following variables are used with the corresponding meaning:
- Vped: Potential dialed on the potentiostat.
- Ve,,cove: Potential experienced by the composite material.
- R: solution resistance.
- p solution resistivity.
- Selec~oe: Exposed surface area of the composite
- Sclad~ng: Exposed durface area of the cladding.
- I: Total current (as read by the meter).
- is : current density.
-1: Distance between the Luggin probel and the composite material.
- a,b: coefficient of the line representing the relationship Potential-Current in the Evans
diagram.
To determine the potential at which pitting of the base metal takes place, Equation (6.9) is
modified by considering the surface area fraction of the cladding. From Equations (6.9)
and (6.12), Equation (6.13) can be inferred:
Vapplied = acladding +b * ln(laddinge)+ p * *[X +x i laig (6.13)
A claddi(6.13)
1/A can be neglected and Equation (6.13) becomes (6.14):
Vapplied = acladding +b * ln(claddinge) +P * I * X isladding (6.14)
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The knowledge of Vapplied and the surface area fraction allows us to determine the current
densities. One gets the current densities as a function of the area fraction. The total current
is derived readily as a function of the surface area fraction and can be compared to the
current-time behavior to determine the onset of pitting on the base metal.
As a verification, one considers the graph of figure 6.6 which displays current versus time.
The overall exposed surface area was 2.28 cm2 (2.46 cm2 including the rivet hole). The
current density for the cladding was 30.7 mA/cm 2. Using the equations derived earlier, the
effective potential was -723 mV(SCE), well below the pitting potential of 2091-T351. The
inferred Luggin probe spacing is 1.6 mm. Taking this value into account, pitting starts in
2091-T351 when the potential drop is 25 mV, making the effective potential -685
mV(SCE). The current density is then 12 mA/cm 2, so the total current should be 27 mA at
the onset of 2091.-T351 pitting. On the graph, this corresponds to 7000 seconds. It is
concluded that pitting of 2091-T351 does not take place in the first 7,000 seconds.
n 1n0U. IU
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Figure 6.6: 2091-T351 Alclad. Polarization at -660 mV(SCE).
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6.1.4 Conclusions on the corrosion properties of 2091-T351 Alclad.
1. 2091-T351 is susceptible to corrosion pitting above -685 mV(SCE). Pitting initiates
around corrosion particles and proceed by dissolution of entire grains. At first, grains
are attacked along the rolling direction and then bulk dissolution follows.
2. Pitting of 2091-T351 at a potential of -660 mV(SCE) is strongly influenced by the grain
structure at short times as it is seen by the 2/3 exponent of the pitting curve and the pit
aspect ratio. At longer times, dissolution becomes more isotropic as seen by pit
coalescence and the 1/3 exponent of the pitting curve.
3. The cladding introduces a potential drop across the salt water solution that polarizes
2091-T351 Alclad below the pitting potential of 2091-T351 and above the pitting
potential of the cladding. During most of the time the cladding is dissolving, the base
metal is protected against pitting. A value of 7000 seconds has been derived and agrees
with the 10,000 seconds usually experimentally observed. A scatter of ±3000 seconds
is expected in the dissolution time because of the difficulties encountered in
positionning the Luggin probe.
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6.2 A Mechanism of Initiation of Corrosion Fatigue Cracks.
Synergy between the electrochemical and mechanical variables.
An analysis of the fractographic evidence indicates that four modes of fatigue crack
initiation are possible for our system.
1- Initiation from a free surface by stage I fatigue.
2- Initiation from separated pits and stage I fatigue.
3- Initiation from pits: existence of a transition zone.
4- Initiation due to general pitting.
This section will present the specific characters of each fatigue crack initiation mode and
discuss the fundamental parameters governing them. Special attention will be paid to those
aspects of the initiation process that bare on the model development to follow.
6.2.1 Initiation from a free surface.
Figure 6.6 shows a typical fatigue initiation site from a free surface. In this case, crack
initiation is a result of slip band intersecting the surface. The slip bands then crack -hence
the term slip band cracking.
Cladding
Figure 6.7 Stage I fatigue. Initiation at the corner at the rivet hole at point A. Slip band
cracking has taken place at the interface between the cladding and the base metal.
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Crack initiation occurs at the cladding/base metal interface. Initiation from the free surface
takes place during fatigue at any frequency when the base metal electrochemical potential is
in the passive range but below the pitting potential.
In Section 6.1, it has been shown that during dissolution of the cladding, the base metal
was kept in the passive range. For the conditions of this investigation, cladding dissolution
time is approximately equal to 10,000 seconds and essentially independent of the loading
frequency. However, the number of fatigue cycles during 10,000 seconds is directly
proportional to the loading frequency through the following relationship:
N = Dissolution 'rime * frequency = T * f.
Slip band cracking is a purely mechanical phenomenon which depends only on the number
of applied cycles. The environment enhances slip irreversibility as it is seen by the strong
reduction in initiation life between fatigue in air and fatigue in NaCl. Its effect is not a
strong function of time. If the frequency is high enough, significant slip band damage can
occur during the cladding dissolution time to initiate fatigue crack. At 5 and 10 Hz, the
time to initiation of a 400 pm surface crack takes an average of 58,000 cycles (63,000 and
53,000 at 10 Hz, 58,000 at 5 Hz). The number of cycles converted into an equivalent time
is 5800 seconds at 10 Hz and 11,600 at 5 Hz. Since the initiation of a crack in permanent
slip bands takes place before the experimental observation of a 400 gm crack, one can
conclude that stage I fatigue occurs within 10,000 seconds at 5 Hz as well as 10 Hz. The
number of cycles for initiation is independent of frequency, which confirms that crack
initiation is due solely to mechanical damage.
6.2.2 Initiation from pits and slip bands.
Figure 6.7 illustrates a typical pit for a tests conducted at 140 Mpa and 10 Hz. Initiation
occurred from the pit. The features of the fracture surface found around the pit are
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extremely crystallographic and are characteristic of stage I fatigue. . This is the
fractographic mark of persistent slip band cracking. Initiation is reduced over that in air
due to enhanced dissolution of the slip band-environment interface as it is the case with
initiation from a free surface. A very sharp transition is evident between the pitting and
fatigue regions.
Figure 6.8: Typical pit for a specimen tested at 140 Mpa and 10 Hz.
Stage I fatigue is very fast because crystallographic facets are not pitted. It means that
cracks in the permanent slip bands extend very quickly across an entire grain. In the
material used for this study, 2091-T351, the average grain size has been observed to 15 pm
x35 gLm mm, which is close to the pit dimensions shown in Figure 6.7. When pits are
small, fatigue initiates everywhere at the same time. This rapid crack extension is expected
to impede dissolution within the pit by pumping out the environment. This mechanism is
likely because shape of the pit is similar to a penny shaped crack, which has the same
dimensions as a crack at that stage. It encloses a very small volume of liquid in the same
order as the one contains in a crack.
Stage I fatigue associated with pits is characteristic of a short pit behavior and is expected
whenever fatigue is promoted over pitting by a high stress range and high loading frequency.
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6.2.3 Initiation from pits with a transition zone between pitting and fatigue.
6.2.3.1 The transition zone.
For this case, a typical example of crack initiation from a pit is shown in Figure 6.9. A
transition fracture zone is observed between pits and regular corrosion fatigue. It is flat,
smooth and pitted.
Figure 6.9: Illustration of the transition zone between corrosion fatigue and pitting.
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The flat transition zone is developed due to the interaction between the cyclic stress and the
corrosive environment. In the absence of a cyclic stress, pitting proceeds as described
earlier, by a process of intergranularfmiterlaminar corrosion followed by grain dissolution.
This is illustrated in Figure 5.32.
Figure 6.10 shows a cross-section of a fatigue specimen. The fracture surface is at the top
of the figure.
Figure 6.10: Cross-section of a fatigue specimen. The trace of the fracture surface is seen at
the top of the photograph. A and B: a crack has initiated from a corrosion pit and
propagated in the transition zone.
A pit marked with a (*) is one of the crack initiation sites of corrosion fatigue. The
initiation site is characterized by the presence of a corrosion zone. The transition zone is
perpendicular to the cyclic stress, which indicates there is a definite mechanical
contribution to the cracking process and the development of this zone.
The transition zone is transgranular for the most part and propagates over a distance of
one or two grains before being either arrested at grain boundaries or continue to propagate.
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Propagation after the end of the transition zone is still in response to and perpendicular to
the tensile stress in a macro sense but fracture is more obviously due to a shear mechanism
on a micro scale. This effect is shown clearly in Figure 6.10. In some cases, a grain
boundary is favorably aligned for fracture (area C in Figure 6.10).
This defines the transition from a corrosion dominated, but stress assisted crack
propagation mode to a more traditional corrosion assisted, crack propagation mode. The
change from a corrosion dominated to a fatigue dominated mechanism creates an interface
shown in Figures 6.11 and 6.12.
In Figure 6.11 is shown a view of an interface on the side of a pit. The specimen is tilted to
improve the view of the relief. The highly crystallographic interface is characteristic of
stage I fatigue. In Figure 6.12 is shown the tip of a pit. The interface is more diffuse.
Some heavily corroded fatigue facets can be seen in area A. In any case, corrosion fatigue
is identified at the outer boundary of the transition zone.
Fracture surface
growth
Rivet hole
Figure 6.11: Interface transition zone/corrosion fatigue at the flaw surface. Tilt 45".
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Figure 6.12: Interface transition zone/corrosion fatigue at the flaw tip
The point at which the transition occurs between corrosion dominated stress (K) assisted
crack propagation and stress(K) dominated corrosion assisted crack propagation will be
influenced by a number of variables which can be grouped into two general classes: (1)
Those related to corrosion and (2) Those related to the mechanical aspects. The corrosion
related variables will include the dissolution rate at the metal in the pitting environment, the
diffusion rate for dissolved ions and the stability of any film formed. The mechanical
variables will include the local stress intensity factor, K, the crack tip and crack opening
displacement, CTOD and COD, and the crack tip strain rate. However, the distinction
between the two groups is somewhat artificial since strong interaction is occurring. As an
example, the concentration of species in the crack enclave will be dependent on the
dissolution rate, the removal rate by diffusion/migration and pumping due to the cyclic
COD/CTOD.
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The mechanical contribution to crack growth will eventually outpace corrosion. As the
crack extends in the transition zone, pumping due to cyclic loading tends to homogenize the
environment composition whereas diffusion of harmful species helps a build up at the tip of
the crack. The calculation of a diffusion distance supports the hypothesis of a mass
transport control: For aluminum ions , the diffusion distance is approximately:
S=V'= =: 6.6 * 106 cm2 -1 /0.1s " = 80pm at 0.1 Hz
I= i = R= = 6.6e10-6cm2s- 1/1 S-1 =25 m at 1Hzf
I=Vii= 2= 6.6 10-6 cm2 -1/lO s1=8gmatlHz
where D is the diffusion coefficient of aqueous chloride ion at 25"C and f the loading
frequency. At 1 Hz, this distance is of the same order of magnitude as the width of the
transition zone in Figure 6.8. As the crack length increases, so does K and hence the
"virtual" crack propagation rate that could be supported in the absence of environment.
Once this "virtual" rate exceeds the rate that can be supported strictly by the stress assisted
corrosion mode a transition to stress, or plasticity, dominated crack propagation.
Conclusions on the Transition zone
The transition zone is a flat and corrosion dominated area. Crack propagation is
transgranular and perpendicular to the cyclic stress. Propagation is cyclic stress assisted.
Stage I corrosion fatigue initiates from this zone. The transition zone width is of the same
order of magnitude as the cyclic diffusion length for metal ions.
It is concluded that the transition zone is the fractographic signature of
competition between pitting and fatigue. When the stress concentration becomes
significant, the cyclic stress forces corrosion to switch from a tri-dimensionnal dissolution
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process to a bidimensionnal dissolution process. A sharp notch or blunt crack is created.
As it extends away from the pit, cyclic loading tends to homogenize the environment
composition whereas diffusion favors the build up of a corrosive environment at the crack
tip. At a sufficient high value of K, stage I fatigue cracks can initiate.
A similar transition zone was first observed by Piasick in 2024 aluminum [38]. He noticed
that intergranular corrosion surrounded corrosion pits only when a cyclic stress was
applied
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6.2.3.2. Corrosion fatigue flaw.
A typical example of crack initiation from a pit is shown in Figure 6.13..
Figure 6.13: Corrosion fatigue flaw after 4000 cycles under a cyclic stress of 100 Mpa at 1
Hz in a 1M NaCl solution at -660 mV(SCE).
The crack envelope prior to overload is outlined in white and marks the separation between
the fracture process in NaCl and the fracture process in air. A corrosion pit lies along the
long axis of the semi-ellipse. Its contour is outlined with a black line. Its tip is in contact
with the apex of the ellipse. It is concluded that pitting was active when the fatigue test in
NaC1 stopped. Along the contour of the white semi-ellipse, corrosion fatigue features are
observed radiating away from the pit. It is concluded that corrosion fatigue had initiated at
the time of fatigue test in NaC1.
It is concluded that a corrosion fatigue flaw is a two dimensional defect, half crack/half pit.
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6.2.4 Initiation due to general corrosion.
At very high pitting rates where the average pit spacing at initiation is small, fatigue initiates
in the ligaments between pits and propagate in parallel with pitting. Figure 6.14 illustrates
the mechanisms of crack initiation and Figure 6.15 shows a micrograph of the fracture
surface for such a case.
Figure 6.14: Illustration of fatigue initiation when pit spacing is too small. Fatigue initiates
in the ligaments and propagates in parallel to pitting.
Pitting
Rivet hole Fracture FatigueSurface Fatigue
WPitting
Figure 6.15: Ao= 100 Mpa, f=0.1 Hz, stopped after 17,000 cycles. An overload was then
applied. The crack front is in contact with the tip of the pits in area marked A.
The initiation of a through thickness crack at the very early stages is the result of a failure of
the ligaments of material left between pits.
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6.2.5 Conclusions on the modes of corrosion fatigue initiation.
The initiation of corrosion fatigue cracks is dependent upon both electrochemical and
mechanical variables. For different ranges of chemicallelectrochemical variables, the stress
or the frequency, the dominated mode of crack evolution can be altered.
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6.3. Prediction model of fatigue life.
The suggested approach will attempt to model fatigue initiation from pits. The case of
fatigue initiation from a free surface will not be treated. A unique analysis will be presented
for the three modes of fatigue initiation involving pits. This analysis will be based on the
regime where a transition region and a bidimensionnal fatigue flaw are observed. In this
case, corrosion fatigue and pitting corrosion are comparable. In Sections 6.3.5 and 6.3.6,
the model will be modified to account for the cases of extreme corrosion or extreme fatigue.
6.3.1. A micromechanical model of the corrosion fatigue flaw.
The front of the corrosion fatigue flaw is almost semi-elliptical from the beginning of the
cracking process. Linear Elastic Fracture Mechanics are assumed to be valid shortly after
crack initiation because of the shape of the front.
On the plane of fracture, the transition region is modeled as a semi-elliptical crack.
Newman-Raju's formulae [49] can then be used to calculate equivalent stress-intensity
factors along the defect contour. Figure 6.16 illustrates the geometry of a pit emanating
from a rivet bore. The so-called Newman-Raju's formulae have been derived by fitting a
set of equations to numerical results derived from finite element analysis.
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Figure 6.16: Corrosion pit emanating from a rivet bore ; a is the applied stress. Once the
geometry of the plate is given (thickness, width, hole radius), the stress intensity factor at
any point along the contour is entirely defined by the axis lengths, the angle 0 and the
applied stress. The effect of the third pit dimension OQ is neglected.
For a typical sheet geometry, illustrated in Figure 6.17, the stress intensity factor is a
function of the sheet geometry and the dimensions of the semi-elliptical crack as follows:
K = St ) haa rc (6.15)Q c' t' tb' b(6.15)
Where t is the sheet half thickness, b is the sheet half-width and r is the hole radius. St is
the remote stress calculated on the full section, a is the crack radius, c the crack depth and 0
is the angle referencing any point of the crack contour with respect to the long axis of the
semi-ellipse. Q is a shape factor that is given , in the case of elongated cracks (c>a) by the
following relationship:
Q= 1+ 1 .4 64 "* a. (6.16)(C) 165
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The following equations are valid for values of a,b,c,r,t that obey the following inequalities
0.2 < a/c 5 2
0.5 5 r/t 5 2
(r + c)/b < 0.5 (6.17)
a/t < 1
The last three inequalities are governed by common sense since the crack cannot extend
beyond the specimen. The first two inequalities define the domain where the finite element
analysis has been used. From a private communication with Dr.Newman, the equation
giving K can be easily extended beyond this domain.
Y
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Figure 6.17: Sheet geometry. Cross-section in the fracture plane.
Using the above analysis, the variation of stress intensity factor with the angle is
illustrated in Figure 6.18. There is a significant difference between K at the surface and K
at the tip. It must be noted that this analysis is for an elongated defect (c/a<l). For a
shallow defect, the stress intensity is maximum at the tip. Variation of the stress intensity
with the depth is shown in Figure 6.19. The surface stress intensity factor reaches a
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plateau after rising sharply in the first tens of micrometers. The tip stress intensity factor
rises and falls. At very large depths, it should approach zero because the crack will be
equivalent to a 2-D cracked band.
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Figure 6.18: Stress intensity factor dependence on the angle 0 of Figure 6.17
Semi-elliptical crack: Newman-Raju's formulae
Stress intensity factors as a function of crack depth
Crack radius = 50 lm, S=100 MPa
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Figure 6.19 Stress intensity factor dependence with crack depth.
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6.3.2. Propagation of semi-elliptical flaws under fatigue.
It has been observed that semi-elliptical cracks which propagate under fatigue loading
remain semi-elliptical []. A schematic of this geometry is illustrated in Figure 6.20. The
crack increment is not the same at positions S2 and S1, and the defect aspect ratio varies
continuously.
Successive defect fronts
Corrosion fatigue defect propagation
Figure 6.20 : Illustration of the procedure for calculating the propagation of a semi-elliptical
crack: stress intensity factors are computed in S 1 and B 1 from Newman-Raju's-formulae.
A fatigue crack growth rate curve gives the crack increment corresponding to the calculated
stress intensity factors. The apex of the new ellipse are S2 and B2.
This experimental observation has simplified the estimation of crack propagation life
through the use of Newman-Raju's formulae. First, the equivalent stress intensity factors
are derived at each of the semi-ellipse apexes. Second, a local crack increment is calculated
by using the former stress intensity factors and the da/dN-AK behavior of the material.
The new flaw is a semi-ellipse of same axis directions and center. Axis lengths have been
expanded by the local crack increments corresponding to each apex.
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The fatigue propagation model is further developed and applied to corrosion fatigue and
pitting. Since the corrosion fatigue defect remains mostly semi-elliptical, Newman-Raju's
formulae is also used.
Radiusu(b)
Depth (a)
AK (Newman Raju equation)
Ko (bottom), Kp (surface)
T K>threshold
Compare Ko,Kp with threshold Competition between fatigueand pitting
1 rit 1 11g l;llncrement
Figure 6.21: Model of a propagating hybrid defect. At each cycle, the local flaw increment
is determined by the largest of the corrosion and corrosion fatigue increments. Corrosion
fatigue becomes active beyond a fatigue threshold.
A schematic of the overall micromechanical crack growth model, developped here is
presented in Figure 6.21. Flaw propagation is estimated by calculating the local flaw
contour advance increments at the apexes. Crack increment can result from either pitting or
corrosion fatigue. Apex stress intensity factors are used to compute the crack increment
that would solely be due to corrosion fatigue. This value is compared to the flaw increment
due to pitting. The largest value of the two determines the propagation mode, pitting or
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corrosion fatigue. This comparison is done simultaneously and independently at the two
apexes. This approach is an extension of Kondo' approach to a bidimensionnal flaw [].
The following corrosion fatigue crack growth rates that have been experimentally derived
will be used:
For AK less than 9 MPa•Im:
da = 2.67 10-7 AK2.76 mm/cycle
dN
For AK greater than 9 MPad/m:
da = 2.57 10-6 AK"74 mm/cycle
dN
The surface stress intensity factor is multiplied by a factor of 0.9 [] to account plane for
stress effect at the surface. The pitting rates are differentiated from the equations given in
Section 5.0 and they are converted in increment per cycle.
For times less than 24,400 seconds:
At the tip of the pit:
2 N dNdc = - 0.74 *-- dN3 f j f
At the surface edges of the pit, of aspect ratio a (0.2 in the current thesis):
2 N dNdc = a•- 2 0.74 N- dN3 f f
For times greater than 24,400 seconds:
At the tip of the pit:
dc = 1* 25*[ N -3 jim3 f- f
At the surface edges of the pit, of aspect ratio a (0.2 in the current thesis):
1 N dNdc = a•- *25 --i -• lm
3 Lf f
dN is the increment of the simulation and is taken conservatively to 1.
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A fatigue threshold is introduced in the procedure so that corrosion fatigue becomes a
significant only once the corrosion pit has reached a critical size. The fatigue threshold
issue will be discussed later in the model applications.
6.3.3. Flaw interaction and coalescence.
Some authors have reported that applied stress may influence pitting corrosion rates in steel
[]. In our model, there is another potential effect of stress on the depth of pits which
initiate a fatigue crack. Because the corrosion fatigue flaw have a fatigue component, they
are subject to crack front interaction and coalescence.
The parameters defining two similar semi-elliptical cracks are defined in Figure 6.22.
c Li
a a
d a
X=2a/d
Figure 6.22: Semi-elliptical cracks. the tensile stress is perpendicular to the page.
The effect of interaction between the stress intensity factors of two similar neighboring
semi-elliptical cracks is shown in Figure 6.23. On the ordinate is plotted FA equal to
FA = KA I[ xa1], the dimensionless stress intensity factor. In abcissa is plotted the
interaction parameter,X, which is equal to the ratio of the crack diameter, 2a to the distance
separating the crack center, d. As the distance between crack tips decreases, the stress
intensity factor rises. The results were plotted assuming two similar semi-elliptical cracks
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under tension in a plate. It is assumed that the same behavior is valid for a stress field at a
notch, at least for the crack tips at the surface. Only collection of discrete data points
derived from finite element analysis are available in the literature. The application of our
model requires an analytical expression of the curves presented in Figure 6.23. For this
case, we model the system using a polynomial function to represent the shape of the curve:
K=K*(1+A7 ) (6.18)
The same shape is assumed for all the cracks for simplicity. The assumption is probably
good because most of the corrosion pits have an spect ratio of around 5.
DimensionlessStress Intensity factor
for two similar interacting semi-elliptical cracks.
2 I '
O c/a=0.25 O c/a=4 I
c/a=0.5 0 c/a=8
1.5 ...... O c/a=1.......... V c/a=infinity...... .....
S c/a=2 . .
0** o
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Figure 6.23: Effect of interaction of neighboring cracks on the stress intensity factor of the
middle crack tips [68].
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Figure 6.24 suggests a process of coalescence between two flaws. Coalescence is
determined by the degree of proximity between plastic zones. The cyclic plastic zone size is
given by:
(6.19)
Since the plastic zone is not fully cylindrical, correction parameters are introduced for
refinement. In the current model, the coalescence criterion will be the contact of the plastic
zones if the cracks are coplanar. The presence of a corrosive environment introduces some
interesting features in the evolution of the corrosion fatigue flaw.
Cracks
Plastic Zones
Crack
Plastic Zones
Figure 6.24 : Illustration of the coalescence process between two neighboring defects.
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Considering two propagating semi-elliptical flaws that are about to coalesce: the stress
intensity factor reaches its highest value at the surface and its lowest value at the tip. After
coalescence, the flaw depth remains the same, but the flaw radius has doubled. The effect
on the stress intensity factors is shown in Figure 6.25. The lower curve illustrates the
variation of the stress-intensity factor along the contour of a single semi-elliptical crack
before coalescence. The tip of the flaw is defined by the zero angle on [O1,x) or [02,x).
The upper curve shows the variation of the stress intensity factor along the contour of the
semi-elliptical crack resulting from coalescence. The tip of the two previous cracks is given
by the 45* degree angle because the reference axis is now located at midway between the
original flaws [O,x). The tip of the original cracks have not moved during coalescence.
Flaw coalescence results in a sharp step increase in the stress intensity factor at the tip of
the new flaw. When this occurs, the local corrosion fatigue crack growth rates will
increase. Since the current initiation model is based on competition between pitting and
fatigue, some change in the propagation mode is expected after coalescence.
6
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Figure 6.25: Angular variation of stress intensity factor for two coalescing flaws.
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At this point, the effect of coalescence on pit growth cannot be confirmed directly. That is
why, there will be no dedicated section to the study of its validity. However, some
elements of proof are brought by fractographies.
Figure 6.26 and 6.27 illustrate the phenomeon of interaction and coalescence. The river
lines on the fracture surface are good evidence that conclusions derived from the model are
probably close to reality. In Figure 6.26, three arrows point to three pits which are very
close to each other. According to Figure 6.23, interaction starts when crack length reaches
one fourth of the separation distance. It is easy to see that a potential interaction has played
a role very early in pit lives. Cracks were coplanar and the coalecence between the two
major cracks did not create as step.
In Figure 6.27, the pits are twice as large as in Figure 6.26. Evident tearing is seen at
midway from the pit centers because the cracks were not coplanar. The interaction took
place at half way before coalescence.
Figure 6.26: 100 Mpa, 10 Hz. Example of coplanar flaw interaction
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Figure 6.27: 120 Mpa, 1 Hz. Example of flaw interaction on different planes: a step is
created at midway between the center of the pits. Tearing is evident at the center line.
Our simplistic model of colaescence may not be accurate always, especially when cracks
are not coplanar. Figure 6.28 illustrates such a case. A step has formed resulting from the
coalescence of two neighboring cracks. The calculated plastic zone size is 90 microns. The
step is 140 micron high. However, for the sake of simplicity, the criterion of contact
between plastic zone size will be used.
Figure 6.28: Tilt 50%. A==100 Mpa. Two cracks initiated from pit 1 and pit 2. Theypropagated, interacted and colaesced. Tearing is observed over a 80 Am distance. Theplastic zone size ahead of the crack tips was 90 jtm wide at the time of the coalescence.
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It must be outlined that the interaction and coalescence of corrosion fatigue flaws will be
used to estimate the scatter on pit depth that is solely due to a mechanical effect such as the
one presented here. The stochastic effect of pitting will not be taken into account. It is
justified by the high reactivity of 2091 aluminum lithium that minimizes the observed
scatter. However, one must be aware of this model limitation.
Our model of interaction and coalescence will be implemented by varying the number of
pits which take part in the fatigue initiation process. Figure 6.29 illustrates the simulated
geometry.
I II
d d d d d d
Rivet hole
Figure 6.29: Cross-section of a fatigue specimen at the level of the fracture surface.
The pits are spaced equally on the rivet walls. They can extend laterally over a distance d.
D is calculated by dividing the sheet thickness by the number of pits. However, the
cladding thickness is not included because the cladding dissolves away.
The free surface effect is modelled by using a pit as a mirror image. The simulation is
much easier since every pit behaves the same way and only one calculation is required each
cycle.
A limitation of the model is in the use of the Newman-Raju's formulae for multiple pits.
When these pits are isolated in the center of the rivet hole, the approximation is certainly
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very good because of the Saint-Venant [86] principle. However, when, pits tend to cover
the whole rivet hole, some discrepancies may arise. It is also possible that these
approximations and their errors compensate and disappear in the experimental scatter. This
model is really an approach that uses the results which are available in the literature at this
time. Refinements need to be made in the future.
6.3.4. Short crack emanating from a circular notch
Once the semi-elliptical cracks have coalesced to form a through thickness crack, Newman-
Raju-s formulae can no longer be used. Instead standard formulae for center crack plates
are used. However, the rivet hole acts as a notch and introduces a additionnal stress field
that requires correction.
Below a critical crack length, the stress intensity factor behaves as if there was no symetric
crack on the other side of the wall. The local stress is multiplied by the stress concentration
factor KI due to the rivet hole. 2.7 in the current case [83]. A free surface correction factor
of 1.12 is applied and the overall stress intensity factor becomes:
K = 1.12 * Kt * Ay * i (6.20)
Beyond the critical length, the stress intensity factor is expressed as:
Ac s7(r+ c)K A lr(r+c) (6.21)
cos (r + c)
b)
The transition between the long and short cracks is derived by solving for the length that
makes equal the long and short crack stress intensity factors. Figure 6.30 is a graphic
illustration of the solution to this equation. The stress intensity factor of a crack emanating
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from the rivet hole rises sharply. It is less than the equivalent long crack stress intensity
factor because the crack behaves as if it was on a plate, ignoring the presence of a second
crack on the opposite side of the rivet hole. At the intersection between the two curves, the
crack behaves as a center crack in a plate. The notch stress field does not have any effect.
Reduced Stress Intensity Factor
for a crack emanating from a 4 mm diameter rivet hole
bored in 1.75 inche wide plate
U.20
0.15
0.10
0.05
0.00
0 0.2 0.4 0.6 0.8
Crack length (mm)
1 1.2
Figure 6.30: Stress intensity factors given by equation (6.20) and (6.21) as a function of
crack length.
6.3.5 The overall model: fatigue life predictions
The current model will predict fatigue life by simulating fatigue crack initiation from
multiple corrosion pits. Interactions and coalescence of fatigue flaws will create a through
thickness fatigue crack and finally lead to fracture.
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6.4 Model Validity
6.4.1 The Corrosion Fatigue Flaw
The Stress intensity factor is a function of location on the semi-ellipse as illustrated in
Figure 6.18. It is higher at the surface than at the tip. Fatigue crack growth rates increase
with K whereas pitting rates are independent of K. As a consequence, the model predicts
that fatigue will start first at the surface. The model also predicts that pitting will still be
active at that time. These conclusions are supported by Figure 6.13 which illustrates the
simultaneity of corrosion fatigue and pitting.
Thus, in the flaw the degree to which fatigue or active dissolution (pit growth) dominates
will depend on the local relationship between the value of K and the pitting rate.
Two simulations are run at 100 MPa for frequencies of 1 and 10 Hz. Simulation are based
on fatigue initiation from a single pit of initial dmensions llmxlIm. The results are
shown in Figure 6.31.
2091-T351: Transition between pitting and fatigue.
1 n-6
10-7
10-1
10.11
100 101 102 10W 10 4  10 5
N(cycles)
Figure 6.31: Output of a simulation. Ac= 100 Mpa, f=l Hz (unless specified). R=0.05
In 1M NaCl, at -660 mV(SCE). Fatigue initiation takes place from a single pit.
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The intercept between the pitting curve and the fatigue curve yield the number of cycles at
which transition from pitting to fatigue occurs. Figure 6.32 illustrates the transition in
terms of AK, at the tip (6.32.1) and at the surface (6.32.2).
2091. -T351: Transition between pitting and fatigue at the tip of the flaw
I -6Iv
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(6.32.1)
2091-T351: Transition between pitting and fatigue at the surface of the flaw
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Figure 6.32:
(6.32.1): Fatigue and pitting rates as a function of AK at the tip of the flaw
(6.32.2): Fatigue and pitting rates as a function of AK at the surface of the flaw.
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In terms of AK, the model estimates a transition at 3 Mpa'lm at the surface and 4.8
Mpadm at the tip. Based on the fractograph of Figure 6.13, the stress intensity are
estimated respectively to 3.6 Mpalm (Greater than 3, then fatigue) and 2 Mpadm (Less
than 4.6 Mpa"Im, then corrosion), which is consistent with the experimental observations.
The fractograph indicates a pit slightly larger than predicted (260 microns instead of 200
microns). If a simulation is run with pitting rates that account for the difference, the final pit
dimensions are 260gmx108pm and 4000 cycles is just the onset of surface fatigue. This is
still in good agreement with the model.
6.4.2 The shape of the transition zone.
A simulation is run at 120 Mpa-lHz for pit aspect ratios of 0.2 and 0.4. The initial defect
size is 1ltmxlm. The program yields the corrodinates of the points which are at the
transition between pitting and fatigue. Figure 6.33 shows the transition zone contour in the
X-Y plane for aspect ratios of 0.2 and 0.4. The general elliptical shape is well reproduced.
An aspect ratio of 0.2 corresponds to the pit contour whereas an aspect ratio of 0.4 would
better correspond to the transition zone contour. It is likely that the fracture process alters
the corrosion behavior of 2091 by opening corrosion paths that would have not been
otherwise accessible for the environment. However, an aspect ratio of 0.2 is the only
experimental data that is available directly and will consequently be used in further
simulations.
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A•= 120 MPa, R=0.05, f=1 Hz
Aspect ratio=0.4, 1 pit
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(6.33.1): aspect ratio: 0.4
Aa=120 MPa, R=0.05, f=l Hz
Aspect ratio=0.2, 1 pit
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Figure 6.33: Contour of the transition between pitting and fatigue in the fracture plane.
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6.4.3 The issue of threshold in Corrosion Fatigue
Experimental evidence of corrosion pits from cracks do not initiate, supports the existence
of a fatigue threshold in an corrosive environment. Estimate of this threshold can be made
through the use of Linear Elastic Fracture Mechanics. Equivalent stress intensity factors are
derived from pits which have initiated a fatigue crack. The results are presented in Table
6.1. The value is between 4 and 5 Mpa'lm.
This value is higher than the fatigue threshold for non-propagating long cracks in air. These
results would not appear to be realistic because the environment reduces the roughness
induced closure and sodium chloride is not known to promote closure by deposition of
corrosion by-products [87].
This discrepancy in the threshold is explained by the process involved in the interaction of
pit growth and corrosion fatigue. As mentioned earlier, fatigue and pitting are taken place at
the same time.
Table.6.1: Equivalent stress intensity factor for pits observed after corrosion fatigue
testing.
Stress range Pit ID Kbott m Ksurfa ceTest
(MPa) (MPa m) (MPa m) frequency
100 1 1.1 3.6 1 Hz
100 2 1.4 3.5 1 Hz
100 3 1.8 4.6 0.3 Hz
100 4 1.0 3.8 0.3 Hz
120 1 1.8 4.6 1 Hz
120 2 1.2 3.4 1 Hz
120 3 1.6 3.8 1 Hz
140 1 1.30 4.1 1 Hz
140 2 1.00 4.5 0.3 Hz
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The observed corrosion pits are the mark left by the corrosion fatigue flaw as illustrated in
Figure 6.34. They no longer represent the original corrosion pit geometry. The early stages
of fatigue have been wiped out by metal dissolution.
Observed Corrosion pit
N.
Pit at the fa
Figure 6.34: Schematic of pit history
To estimate the true corrosion fatigue threshold, it is necessary to use an experimental
artefact that reduces the dissolution rates: a clad specimen was tested at 100 Mpa, 1Hz in a
1M NaCl solution at -660 mV(SCE) for 10,000 seconds. The clad keeps the base metal
potential at its pitting potential or below. Pitting occurs at the interface between the
constituent particles and the matrix but is very mild and bulk dissolution of grains is not
observed. The test frequency was 1 Hz. The fractography is presented in Figure 6.35.
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Figure 6.35: 2091-T351 Alclad. Tested 10,000 seconds in IM NaCI at -660 mV(SCE).
Aa=100 Mpa, f=1 Hz.
The result was a small 28 gm deep corrosion pit and a semi-circular crack centered on the
corrosion pit. Corrosion fatigue was identified as the source of cracking around the
corrosion pit. The dependence of equivalent stress intensity factors on the location along
the pit contour is displayed in figure 6.36.
150
1.0
1.2
1.1
1
- 0.9
M 0.8
0.7
0.6
0.5
-n/2 -1 -0.5 0 0.5 1 7/2
Angle (rad)
Figure 6.36: Dependence of stress intensity factor with the angle.
Since the tip of the crack is still pitting and the surface propagates by pitting, it is concluded
that the corrosion fatigue threshold is in the range 0.6 Mpa4m-1.2 MPalm.
This value is comparable to the effective fatigue threshold of long cracks in air. Here
"effective" means that the closure effect has been removed using Elber's approach [88].
This threshold is a mechanical threshold. For stress intensity greater than this value, fatigue
becomes active. This value should not be mistaken with the apparent corrosion fatigue
threshold that has been introduced in the previous paragraph.
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6.4.4 Simulation: fatigue life predictions
The program follows the experimental sequence of fatigue cracking as illustrated in Figure
6.37.
Isolated pit
I\N
Fatigue
I: Initiation II: Unconstrained transition I: Cracks coalescence and
Crack formation formation of a
through thickness crack
(II) and (III) are processes in series
Pit cluster
L\,
PVtiCnn%%.
r'WFatigue
I: Initiation II: Constrained transition LII: Cracks coalescence and
Crack formation formation of a
through thickness crack
(II) and (III) are parallel processes
Figure 6.37: Fatigue cracking sequence for an isolated pit and pits in a cluster.
Pits grow deep into the material and then initiate fatigue cracks at the surface edges (I:
initiation). At that point, they are no longer pits and not yet fatigue cracks. They are
corrosion fatigue flaws which propagate by fatigue at the surface edges and by dissolution
at the tip. They are hybrid flaws.
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These flaws will propagate by this mixed mode of corrosion and fatigue until transition
between pitting and fatigue takes place at the tip.
- If the pits are isolated, no interaction and coalescence is expected before the flaws become
fully developed corrosion fatigue cracks. This case will be referred to as "unconstrained
transition" (II: Unconstrained transition and crack formation). The semi-elliptical
cracks will propagate until they interact and coalesce with each other to form a through
thickness crack ( III: Cracks coalescence and formation of a through thickness
crack).
- If the pits are in a cluster , flaws interaction and coalescence will take place at an earlier
time than in the case of an isolated pit. The effect of interaction and coalescence is to
trigger prematurely the transition between pitting and fatigue at the tip of the flaw (II:
Constrained transition and crack formation).
The degree of interaction is measured by the distance between the centers of two
neighboring pits. The shorter this distance, the earlier the coalescence. In the simulation,
this inter pit distance is connected to the number of pits which are located along the rivet
hole (in the thickness direction) on the fracture plane. These pits are referred to as "active
pits". The inter pit distance is the ratio of the effective sheet thickness over the number of
active pits. The effective sheet thickness is 1.4 mm since the cladding dissolves away (100
pmn thick on each side of the sheet). By increasing the number of active pits, the inter pit
distance is shortened and flaw interaction and coalescence take place at an earlier time. Pit
depth is thus decreased and fatigue life is reduced. The model makes extensive use of this
phenomenon to estimate a range in pit depth and fatigue life.
In the model implementation, coalescence of corrosion fatigue flaws corresponds also to
the creation of a through thickness crack (III: Cracks coalescence and formation of
a through thickness crack). The identification between the two phenomena is due to
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the current approach of modeling external free surfaces as corrosion fatigue flaws of the
same dimensions as the actual propagating defects inside the material. The connection
between coalescence of fatigue flaws and formation of a through thickness crack is
somewhat artificial even though fractographic results support a fast transition from a
growth dominated by numerous fatigue flaws to a growth dominated by a through
thickness crack.
At each of these steps, the simulation yields a number of fatigue cycles and the
corresponding dimensions of the defect. In addition to these steps, the program provides
the number of cycles necessary to grow a 400 gtm surface crack which is the definition of
experimental fatigue initiation in the current work. The number of cycles to fracture is also
supplied assuming a fracture toughness of 28 MPalm. This value has been derived from
the measurement of the ligament length corresponding to unstable crack growth in a center
crack panel tested in 1M NaCl at -750 mV(SCE). At 10 Hz, the remote stress range was
multiplied by 1.08 in the first 435 gm of crack length to account for a loss in net section
due to machining (1300 gLm thickness instead of 1400 gpm (cladding thickness excluded)).
6.4.4.1 Results.
A simulation was run for thirteen different cases of frequency and stress range. The
number of pits in the sheet section ("active pits") was varied from 1 to 15. The initial pit
size was lImxlgmn. Fatigue initiates at the surface edges and the two dimensional flaws
propagate until a through thickness crack is formed. At this point, the program integrates
the da/dN-AK fatigue curve. The initial crack length is equal to the through thickness crack
length. The final crack length at Fracture is estimated with a fracture toughness of 28
MPa/m.
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The number of cycles to transition between pitting and fatigue, the number of cycles to
crack coalescence and formation of a through thickness crack, the number of cycles
necessary to initiate a 400 gm surface crack and the number of cycles to failure were
supplied by the program. Each of this number of cycles was associated with the
dimensions of the corrosion fatigue flaw at the corresponding time.
These number of cycles are plotted against the number of active pits in Figure 6.38-6.50.
in Appendix C. The corresponding flaw dimensions are shown in Tables 6.2-6.14 in
Appendix D. The validity of the simulation is verified with an analysis presented in Figure
6.51.
Experimental fatigue lives (initiation and total life)
Diagrams: Number of cycles versus number of pits which create a fatigue crack.
Figure 6.51: Diagram of the analysis used to validate the simulation.
The case (100 MPa,lHz) is taken as an illustration of the analysis. Figure 6.52 is a
reproduction of Figure 6.44. 3 to 7 pits yield reasonnable numbers of cycles to initiation
and failure. Table 6.4 shows that 3 to 7 pits correspond to a range in pit depth of 295-
419gLm. The experimental values are from 4 to 7 active pits and the observed pit depth
values are between 150 gm and 400 gLm. The case is considered sucessful.
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Figure 6.52: Same as Figure 6.44. The possible number of active pits is in the range 3 to 7.
Table 6.16 shows the results for the thirteen different cases and Figures 6.53-6.56 illustrate
the results graphically.
Table 6.15: Comparison of theoretical and experimental pit depth range.
Frequency Stress Range Number of Range of pit Range of pit Number of
(Hz) (MPa) active pits depth depth active pits
(Simulation) (Simulation) (Experiment) (Experiment)
1 (*) 65 1 787 gm 200-1100 i m 2
1 80 1-2 622-673 gm 50-600 Lm 3
1 100 4-7 295-379 gm 150-400 jm 1-4
1 120 3-8 260-300 Lm 50-260 jm 4-6
1 140 5-10 175-235 Lm 50-300 Lm 1-6
10 65 5-10 168-212 gm 84-150 9m 6-7
10 80 8-15 115-144 gm 52-116 gm 5-7
10 100 6-15 90-113 gm 68-90 jm 6-10
10 140 10-15 66 9m 30 gm 10-15
0.1 100 1-2 879-1000 gm 800-1200 9m 2
0.3 100 1 790 jm 560 jm 3
0.5 100 2-5 430-635 jm 500-600 Lm 3-4
0.3 140 1-3 451-623 gm 140-530 gm 1-6
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2091-T351 Alclad: Pit depth as a function of stress range.
f=1 Hz, R=0.05
In IM NaCI, -660 mV(SCE), RT.
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Figure 6.53: 2091-T351. f= Hz. Upper and lower bound for pit depth.
2091-T351: Pit depth versus stress range
R=0.05, f=10 Hz
In IM NaC1, -660 mV(SCE).
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Figure 6.54 : 2091-T351. f= lo Hz. Upper and lower bound for pit depth
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Figure 6.55: S-N curves at f=1 Hz
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Figure 6.56: S-N curves at f=10 Hz.
158
At a frequency of 1 Hz, results are in very good or reasonnably good agreement with the
experimental results. At 10 Hz, results are only in moderate agreement in terms of pit
depth and number of cycles. The two dimensionnal flaw model overestimates both fatigue
life and pit depth. Everything happens as if fatigue transition from pitting to fatigue takes
place earlier than predicted.
At 0.1 Hz, the simulation seems to agree with the experimental values, but the fractography
shows clearly that general pitting took place and a simulation based on initiation from a
single pit should not describe the fatigue initiation process properly. Agreement is
fortuitous.
At 65 MPa and 1 Hz, the pit depth range agrees resonnably well with the prediction but the
number of cycles to initiation and failure is clearly underestimated. At 80 MPa-1 Hz and
100 MPa-0.5 Hz, the simulation is reasonnably good but severe pitting is observed.
As it is seen, discrepancies arise when fatigue is too slow with respect to corrosion, or
when fatigue is too fast with respect to corrosion. An increase in the stress range or the
loading frequency makes fatigue faster with respect to corrosion. The reverse applies to
corrosion. Fractography show that in the case of low frequency, fracture surfaces are
extremely corroded. In the case of high frequency, initiation from pits is associated with
stage I fatigue at the surface of the pit.
Despite these discrepancies, a model based on fatigue inititiation from a single pit yield an
upper bound for both pit depth and the number of cycles to failure in most cases.
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6.5 Model extensions.
6.5.1 The case of limited pitting
In this case, fatigue initiates everywhere at the same time because of the small size of the
pit. Fatigue initiation is governed by the stress intensity factor at the surface of the pit.
This should also yield a lower bound in terms of pit depth prediction.
Figure 6.57 illustrates a typical pit at 140 Mpa and 10 Hz. If the pit is clearly at the site of
fatigue initiation, crystallographic features are the sign of a rapid transition pitting-fatigue.
Figure 6.57: Typical pit in a specimen tested at 140 Mpa and 10 Hz.
Since the pit depth is of the same order of magnitude as grain size, one speculates that
fatigue has initiated all over the pit contour at the time when fatigue initiates at the pit
surface. This hypothesis is supported by the simulation which gives in this case a lower
bound for every pit depth. In addition, if one calculates the fatigue life from an initial crack
size equal to the pit size, 30 gm, one gets a total life of 18869 cycles, which is very close to
the experimental value, and much better than the result given in the first simulation. For
each stress level, a fatigue life estimate is made assuming a through thickness crack of the
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same depth as the minimum pit size. In Figure 6.56, the curve labelled "minimum fatigue
life" represents the results. This curve is a lower bound for fatigue lives. It agress well
with the case 140 MPa-10 Hz where pits are small. The real behavior at the other stress
range stands between the two dimensional flaw model and the short pit model.
As a conclusion, initiation of fatigue at the surface as the process to stop pitting yields a
lower bound to pit depth. It is a good estimate when the pit size at the onset of surface
fatigue is comparable to the grain size.
6.5.2 The case of general pitting
When pitting is widespread and uniformly distributed, fatigue and pitting are no longer
coupled. A Through thickness crack initiates at the surface and the tip of the pits, which
are already far in the material are no longer influenced by the crack tip. Figure 6.58
illustrates the process of competition between pitting and fatigue in this configuration. At
longer times, as pitting rates decrease with time and fatigue rates increase with crack length,
the crack tip will join the tip of the pits. At that stage, pits will stop because fatigue will be
much faster. In this case, the geometry is 1-D.
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J: Time at which the crack tip gets in contact with the tip of the pit.
Figure 6.58: Illustration of fatigue initiation in the case of general pitting.
Fatigue life predictions require an initial defect size for the integration of the da/dN-AK
Paris law. Figure 6.59 illustrates the process. When fatigue is slow, pits have time to
grow to a significant size. They also have time to initiate anywhere they can. The interpit
distance is reduced and fatigue cannot start at the surface before pit coalesce at the at the
rivet hole at least. In this case, a starter crack is created. As a first approximation, the
initial crack length is equal to the size of the plastic zone that existed in the ligaments at the
onset of pit interactions. This plastic zone size is derived by assuming that pits are cracks.
162
Prediction of general corrosion
I I
Plastic zones
Pits interact with each other before initiating
fatigue at their surface edges.
A crack is formed by the local coalescence
of the pits. Its length is equal to the plastic zone size
Figure 6.59 : Schematic of the onset of general corrosion and the creation of a starter crack.
As outlined in the previous sections, pitting corrosion can become very severe when the
experimental conditions are set to minimize fatigue either by a low loading frequency or a
low stress range. In this case, pitting is widespread and pits coalesce at the rivet hole
instead of initiating fatigue. The results is double. First, pitting corrosion is no longer
coupled to fatigue through the two dimensionnal flaw model, second a through thickness
crack is created. An estimate of the initial crack length is the size of the plastic zone that
existed in the inter pit ligaments before coalescence. An estimate of this plastic zone size
depends on the number of pits that would result in severe corrosion.
A good estimate for the maximum number of pits on the chamfer is 15. This number is
derived from the examination of fracture surfaces of specimens tested at 10 Hz. The
simulation is run for 15 pits and yield a stress intensity factor and a number of cycles. The
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stress intensity factor is converted into a plastic zone size equal to the initial crack length.
The integration of the da/dN-AK curve proceeds as usual.
65 MPa-1Hz: A through thickness crack is predicted at 4900 cycles, yielding a AK of
2.74 MPalm corresponding to a plastic zone size of 8.5 pm. The da/dN integration yields
154,000 cycles to which 10,000 cycles for the cladding (10,000 seconds/lHz) and 4900
cycles for the through thickness crack initiation time need to be added. This yields the value
of 170,000 cycles for fracture ( 160,000 and 185,000 cycles experimental) and 71,000
cycles for initiation of a 400 pm crack (76,000 and 80,000 cycles experimental).
Figure 6.60 illustrates the unidimensionnal competition between pitting and fatigue with the
above values. The simulated pit depth is found to be 1020 tpm and the number of cycles at
the transition between pitting and fatigue are 80,000 cycles (70,000+10,000 cycles).
2091-T351 Alclad: Transition pit/crack at low stress range.
Aa=65 MPa, R=0.05, f=1 Hz.
In lM NaCI, -660 mV(SCE). RT
f4f.3
.. u IV-
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N(cycles)
Figure 6.60: 65 MPa, 1Hz.
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100 MPa-0.lHz: A through thickness crack is created at 414 cycles, yielding a AK of
3.47 MPalm corresponding to a plastic zone size of 14 p.m. The 400 pm surface crack
initiation is simulated at 13533 cycles (12533+1000 cycles) for an experimental value of
11,000 cycles. The da/dN integration yields a crack depth of 814 plm at 16,000 cycles. If
one adds 1000 cycles corresponding to cladding dissolution time, the total number of
cycles is 17,000 cycles. The measured crack depth at 17,000 cycles is between 800 plm and
1 mm. Figure 6.61 illustrates the competition process between pitting and fatigue.
2091-T351 Alclad: Transition pit/crack at low frequency.
AG=100 MPa, R=0.05, f=0.1 Hz.
In IM NaCl, -660 mV(SCE). RT
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Figure 6.61: 100 MPa, 0.1 Hz
According to this simulation, the test was stopped too early to yield the maximum pit depth
of 1390 pgm. At 16,000 cycles, the maximum pit depth is calculated to be 1300 gpm. One
observes 1200 gm at most. It is still better than the 900-1000 pm given by the raw model
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of crack initiation. A net section effect may have accelerated fatigue crack growth rates,
thus shortening the observed pit depth.
As a conclusion, when corrosion outpaces fatigue, the model of bidimensionnal fatigue
flaw is no longer valid. Fatigue and corrosion are temporary decoupled. The final pit
depth is given by an unidimensionnal model of competition between pitting and fatigue.
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6.6 Mapping of the mechanisms of fatigue initiation in the (Aa-f) plane.
6.6.1 Mapping
The extent of pitting in the early stages of fatigue cracking determines the dominant
mechanism in fatigue initiation (Limited pitting, pitting or general pitting).
given by Equation (6.22) that will be differentiated in Equation (6.23):
a = Cpt2 / 3 = C( /3 or( )= 3/2
, f f (C3/)
Pit depth is
(6.22)
For a given crack depth, a, corresponding to a time t, the ratio of the fatigue increment to
the pitting increment is given by:
da /dN(fatigue)
da dt(pitting)
A * AKndN A A AKndN
2 C t-1/3dt 2 N - 1/ 3 dN
3 f
The number of cycles can be eliminated with Equation (6.22):
daldN(fatigue)
da / dt(pitting)
A * AK ndN
2 a - 2dN
3 Cp f
3 A
2 C/ 2
The stress intensity factor is a function of crack length and geometry and Equation (6.24)
can be written as:
daldN(fatigue) 3 A a(n+2 a r r c
r= =-./ *an*f*a * F(,p ct tbbdaldN(pitting) -2 C•/ 2 c t tf * F( , c bb (6.25)
Where F is a function of the parameters which are in brackets. When the crack length goes
to zero for a constant aspect ratio, F is equivalent to a function of 4 only. For short crack
lengths, r can be approximated by:
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(6.23)
*f . a 1/ 2 (6.24)
da dN(fatigue) S(A, f) * (n+l)  F()da- - f) FdN(pig)da /dN(pitting) (6.26)
S(Ao,f) is a parameter characterizing the relative importance of fatigue and pitting at the
early stages of corrosion fatigue. If S is large, limited pitting is expected. If S is low,
general pitting is expected. In between, a transition zone is expected. Since no information
is available about the absolute magnitude of this parameter, a normalized parameter is
introduced. The experimental condition taken as a reference is (AOo=100 MPa,fo=lHz). It
is known that corrosion fatigue is characterized by a transition zone in this domain. The
normalized parameter is now:
S Ca D2.76 (i
The values of s are shown in Table 6.12 for the thirteen cases of the thesis.
(6.27)
Table 6.16; Values of the parameter S for the thirteen experimental conditions.
2.76Stress range Frequency S A~1 2.76 f
(MPa) (Hz) Aao) fo
100 0.1 0.1
100 0.3 0.3
100 0.5 0.5
65 1 0.3
80 1 0.54
100 1 1
120 1 1.65
140 1 2.53
65 10 3
80 10 5.4
100 10 10
140 10 25.3
140 0.3 0.76
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The plane (Aa,f) can now be mapped by contour of constant s as in Figure 6.62 The solid
lines are the boundaries of the domain where the two-dimensional flaw model works well.
It is interesting to notice the correspondence between cases of different stress range and test
frequency. (100 MPa, 0.5 Hz) and (80 MPa, 1Hz) were cases considered as border line in
the simulation and they are almost on the same contour. It is the same for (65 MPa, 1Hz)
and (140 MPa, 1Hz). (65 MPa, 1Hz) and (100 MPa, 0.1 Hz) fall in the same domain.
2091-T351: Mechanisms of fatigue initiation.
In IM NaCI, -660 mV(SCE).
R=0.05, AM and f variable.
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Figure 6.62: Domain of dominant mechanisms of fatigue initiation.
Once the relative strength of corrosion and fatigue are known for one case, it should be
possible to derive the domain boundaries where one mechanism prevails over the others.
In this case, life predictions will be easier to make.
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6.6.2 Application to aging aircraft
Fatigue life predictions are based on the integration of a da/dN-AK curve from an initial
defect size to final fracture. The choice of the initial defect size and geometry is one of the
difficulty of this approach. The short crack behavior is another source of complexity.
However, under constant amplitude loading in air, Newman [89] demonstrated the
feasibility of such fatigue life predictions in 7075-T6 and 2024-T3 with a careful approach
accounting for short crack behavior and relating the initial defect size to microstructural
features such as inclusions or voids.
Fatigue initiation in a pitting environment is fundamentally the same as in air with the
difference that the initial defect size is continuously changing during the test. In Newman's
case, the whole life is spent in fatigue propagation. In our case, the whole life is spent
either in fatigue propagation or/and pitting propagation since the choice of experimental
conditions has removed the incubation time for pitting. The reasonably good agreement
between fatigue life simulations and experimental values shows that our approach is valid
even though it could be refined by taking into account the short crack behavior. In our
model, the extension of the long crack growth rate curve below the fatigue threshold for
long cracks has assumed a short crack behavior corresponding to a lack of crack closure.
Accelerated crack growth has been ignored. Since pits are relatively large, this approach is
valid in most cases except perhaps for the small 30 gm deep pits.
In this research work, we derive a method aimed at integrating the da/dN-AK fatigue curve
from an undamaged surface to final fracture. The current approach applies to any alloy
which has a strong microstructural orientation that leads to elongated pits. Kondo's
approach [4] for steels was efficient because pits in steels are hemispherical due to
isotropic corrosion rates. The stress intensity factor is constant along the pit contour and
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fatigue will initiate everywhere at the same time. The test frequency used by Kondo was
probably too high to detect a transition zone between pitting or fatigue. Although his
approach worked well for steels, it could not be applied to aluminum alloys directly. The
current thesis has extended the formalism that can now be applied to aging airplanes.
Once the fatigue initiation mode has been identified, the simulation is reasonably good. It
can be concluded that once aluminum alloys start pitting , fatigue initiation follows shortly
and nothing can prevent fracture in the long term. As a consequence, an effort must be
made in improving the anti-corrosion coatings such as paints or claddings.
In the current aging airplanes, cladding or protective paints will be defective. Our
experiments simulate very well this aging aircraft issue. As long as the cladding is present,
it protects the base metal against pitting. Fatigue can only initiate from permanent slip
bands at a free surface. In service conditions, this would be the sign of a poor design. As
soon as the cladding disappears, pitting starts and fatigue cracks initiate.
In aging aircraft, pitting and other forms of corrosion will damage the rivet holes. From
the experimental observations, the overall range in pit depth is 35 gm-1200 plm when the
stress range varies from 65 MPa to 140 MPa and the test frequency varies from 0.1 to 10
Hz. We think this research work covers the range of in field corrosion damage. 1.2 mm is
close to the detection limit. At 1.2 mm and 100 MPa, the remaining fatigue life is 32,000
cycles. A safety margin will be applied and the resulting fatigue life will be used to
schedule maintenance inspections.
If one assumes that corrosion can be detected at an earlier stage and translated into a
equivalent crack depth, the predicted remaining life would be extended. For 35 p.m, the
remaining fatigue life at 100 MPa becomes 46,000 cycles or a 44 % gain. Inspections will
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be spaced further apart and a reduction in maintenance costs is expected with the same level
of safety.
Advances in Non Destructive Evaluation (N.D.E.) of structures may soon provide a way to
detect corrosion under the aluminum skin. One new approach is the use of neutron
tomography which uses thermal neutrons to detect hydrogen containing chemicals. As it
was underlined in the background review, aluminum forms corrosion by-products of the
Al(OH)3 type. If the amount of corrosion can be correlated to a pit depth and/or a loss in
plate thickness, the detection limit would be pushed down to the very early stages of
corrosion fatigue. For instance, pit depth is expected to be estimated by imaging the
aluminum structure and monitoring the amount and shape of the hydrogen profile across
the structure.
A
FlIIght cycle of a fuselage
I
Figure 6.63: Typical flight cycle for a fuselage and sequence of corrosion and fatigue.
In service conditions, a fuselage does not experience a genuine corrosion fatigue cycle
since corrosion and fatigue are not simultaneous. Corrosion is a thermally activated
process and it cannot take place in flight at high altitude where the temperature is below
freezing. Fatigue at a high R-ratio will take place in flight instead.
However for simplicity, it is suggested to consider fatigue and corrosion as simultaneous
processes. The corrosion rates will simply be scaled down to account for dead times.
172
5;
6.7 Conclusions of the discussion.
In IM NaC1, fatigue can initiate from a free surface when the potential remains in the
passive range below the pitting potential of 2091 or from corrosion pits above the pitting
potential of 2091.
In a pitting environment, a transition zone between pitting and fatigue has been observed
for the first time and supports the approach of competition between pitting corrosion and
corrosion fatigue. Cyclic stress forces corrosion to be active in a plane perpendicular to the
tensile stress until corrosion fatigue supersedes stress assisted corrosion.
Depending upon the relative strength of fatigue and pitting at the beginning of the
experiment, three regimes of pitting leading to three mechanisms of fatigue initiation have
been identified.
1-When pitting and fatigue are of the same order , the transition between pitting and fatigue
is function of location around the pit. First, fatigue initiates at the surface edges while
pitting dissolution is still active at the tip. A two dimensional flaw is formed and propagates
with a mixed mode of corrosion and fatigue.
2-When fatigue dominates pitting, the transition between pitting and fatigue takes place
around the pit everywhere at the same time. The observed pit depth corresponds to the
simulated pit depth at the onset of fatigue at the surface edges.
3-When pitting dominates fatigue, fatigue initiates by a net section stress effect and
propagates parallel to the pits. A one dimensional model of competition between pitting
and fatigue simulates reasonably well this configuration.
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An upper bound in pit depth and fatigue life is derived by assuming that the process of
corrosion fatigue has initiated from as single pit. A lower bound in pit depth and fatigue
life is derived by assuming that pitting stops as soon as fatigue initiates at the surface edges
of the pits. The onset of general corrosion can be predicted when the minimum pit size
predicted by fatigue initiation at the surface becomes less than the pit size predicted by the
interaction of multiple pits.
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CONCLUSIONS OF THE THESIS
The corrosion properties of aluminum-lithium 2091 Alclad have been studied in details in
1M NaCl at 250C. Both alloy 2091 and its cladding exhibit a passive range followed by a
breakdown of passivity due to pitting. The pitting potential of 2091-T351 is -685
mV(SCE) and the pitting potential of the cladding is -760 mV(SCE).
At a potential of -660 mV(SCE), pitting kinetics of alloy 2091-T351 are extremely fast.
There is no incubation time. At short times, the pitting growth follows a power law of
exponent 2/3 whereas at long times, it can be approximated by a power law of exponent
1/3. Pitting propagation depends strongly on the grain microstructure.
In 1M NaC1, fatigue can initiate by slip band cracking from a free surface when the
potential remains in the passive range below the pitting potential of 2091 or from corrosion
pits above the pitting potential of 2091.
Depending upon the relative strength of fatigue and pitting at the beginning of the
experiment, three regimes of pitting leading to three mechanisms of fatigue initiation have
been identified.
1-When pitting and fatigue are of the same order of magnitude, the transition between
pitting and fatigue is function of location around the pit. First, fatigue initiates at the
surface edges while pitting dissolution is still active at the tip. A two dimensional flaw is
formed and propagates with a mixed mode of corrosion and fatigue. For the first time, a
transition zone has been identified as the signature of competition between pitting and
fatigue. A two dimensionnal model is derived based on a two dimensional flaw
propagating by a mixed mode of pitting and fatigue. It is inferred that flaws interaction and
colaescence will reduce pit depth. The model simulates well the fatigue life, the range in pit
depth and the shape of the transition zone.
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2-When fatigue dominates pitting, the transition between pitting and fatigue takes place
around the pit everywhere at the same time. The two dimensional model can be extended to
this case. The observed pit depth corresponds to the simulated pit depth at the onset of
fatigue at the surface edges.
3-When pitting dominates fatigue, fatigue initiates by a net section stress effect and
propagates parallel to the pits. A one dimensional model of competition between pitting
and fatigue simulates reasonably well this configuration.
An upper bound in pit depth and fatigue life is derived by assuming that the process of
corrosion fatigue has initiated from as single pit. A lower bound in pit depth and fatigue
life is derived by assuming that pitting stops as soon as fatigue initiates at the surface edges
of the pits. The onset of general corrosion can be predicted when the minimum pit size
predicted by fatigue initiation at the surface becomes less than the pit size predicted by the
interaction of multiple pits.
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APPENDIX A
Newman-Raju's Fomulae
K=t 1 Flha a r r cQ ct't'b' b
Where Q=1+1.464(a/c)' .65
For 0.2<a/c<2, a/t<l, 0.5<r/t<2, (r+c)/b<0.5, and -7r/2<0<it/2. Where t is one half of the
sheet thickness.
Fsh = Ml + M2 jt
+M4
+ M3 + (a-t
For a/c<l (case of interest)
M,=1
0.05
0.11 +(alc)1.
0.29M3=
0.23+(a/c)1"5
= 1 (a / t)4 * (2.6- 2a/t)0 5 cos()
1 + 4(a/c)
1+ 0.358, + 1.425A? -1.578A + 2.156A4
62 - 1+0.0832
where
1
1 + (c / r)cos(0.90)
g3 = 1+ 0.1(1 - cos()) 2 (1- a/t)lo
fo = ((a/ c)2 COS2 ()+ sin2(0)).
25
f e ec(2r + 4 ncfW = sec(rrr )sec[ 2n2b 4(b - -c)-+2nc }
g 1g2 *g3 f fw
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APPENDIX B
PROGRAM PITTINGFATIGUE
{Declaration of variables. The first four lines are corrosion fatigue parameters. The last line}
{is for control variables. }
REAL radius, depth, stress, thickness, Kt, Ks, threshold
REAL anglecrit, fr, incct, incft, inccs, incfs, K
REAL incc, distance, plastic, inter, dint
REAL pitl, pit2, npit, N1, N2, bosc, botc, threscrit, asc
REAL Xcrit,Ycrit,contt,conts,bob,bos
INTEGER N,fini,ct,cs,ci,cc
CHARACTER*5NAME
thickness=0.0016
Cs=O
ct=O
ci=O
cc=O
bob=1
bos=1
bosc=1
bobc=1
fini=0
inter=2
{This is the input section for material variables: stress,depth,radius,frequency, aspect ratio}
PRINT*,'Please enter data file name (Five characters)'
READ*,NAME
PRINT*,'Please enter aspect ratio'
READ*,asc
PRINT*,'Please enter stress(MPa),depth(micro),radius(micro),frequency'
READ*,stress,depth,radius,fr
PRINT*,'Please enter the number of active pits'
READ*,npit
{Conversion of meter in microns, initialisation of pitting rates, threshold and other)
{mechanical variables that may be used. In particular distance is calculated by omitting the)
{the cladding thickness)
depth=depth/1000000
radius=radius/1000000
distance=0.0014/npit
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pitl=0.750/1000000
pit2=25.0/1000000
Xcrit=depth
Ycrit=radius
threshold=1.0
OPEN(UNIT=1,FILE=NAME,STATUS='NEW')
N=1
DO WHILE (fini .EQ. 0)
{This section determines the locus of transition between pitting and fatigue. First the)
{surface pitting increment is converted into the equivalent stress intensity factor which)
{would yield the same crack increment by fatigue. This stress intensity factor value is used)
{ as a threshold in the "PHI" procedure which determines the angle for which the stress){intensity factor is equal to this a particular value. In this section, data are sent to a file)
{every 20 cycle to minimize the number of data points)
IF (mod(N,20) .EQ. 0) THEN
threscrit=REVERT(inccs)
anglecrit=PHI(radius,depth,stress,threscrit,thickness)
WRITE(1,*) depth,radius,anglecrit,N
ENDIF
IF (N .EQ. 4000) THEN
PRINT*,depth,Kt,radius,Ks,N
ENDIF
Kt=CONCENT(radius,depth,stress,thickness,0)
Ks=0.9 * CONCENT(radius,depth,stress,thickness,1.570796)
{This section calculates the interacrion parameter "dint" and modify the surface stress
{intensity factor when the interaction parameter becomes greater than 0.5)
dint=2*radius/distance
IF (dint .GE. 0.5) THEN
IF(dint .LE. 1) THEN
Ks=Ks*(1+dint**7)
ENDIF
ENDIF
{ Calculation of crack increments by fatigue and pitting. At the surface, the pitting increment
{is multiplied by the aspect ratio that is assumed to remain constant)
incct=PITTING(N,fr,pit1,pit2)
incft=FATI(Kt)
incfs=FATI(Ks)
iccs= asc*PITTING(N,fr,pitl,pit2)
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Xcrit=Xcrit+inccb
Ycrit=Ycrit+inccs
{This section determines when pitting outpaces fatigue and verifies whether there is
{ a reverse inversion from fatigue to pitting. "conts" and "contb determine the direction of)
{the inversion either at the tip or the surface: conts>l or contb>1 means that fatigue takes }
{over, conts<1 or contt<1 means pitting takes over. "botc" and "bobs" keep in memory)
{the value of the ratios fatigue/pitting from the previous cycle and compare it to new values
{ "bob" and "boc" to decide whether there has been inversion)
contt=incft/incct
conts=incfs/inccs
IF (contt .GE. 1) THEN
bob=0
ELSE
bob=1
ENDIF
IF (conts .GE. 1) THEN
bos=0
ELSE
bos=1
ENDIF
IF (botc .NE. bob) THEN
PRINT*,'inversion at tip',depth,radius,N,contt
ENDIF
IF (bosc.NE.bos) THEN
PRINT*,'inversion at surface'
PRINT*,depth,radius,N,conts
ENDIF
botc=bob
bosc=bos
{This section implements the principle of competition between pitting and fatigue. The)
{principle is applied both at the surface and at the tip. Inversion is also determined in this)
{ section, but there is no routine to check if the system reverts to pitting after fatigue)
IF (Kt .LT. threshold) THEN
depth=depth+incct
ENDIF
IF (Kt .GE. threshold) THEN
depth=depth+max(incfb,inccb)
IF (incft .GT. incct) THEN
Ct=1+Ct
IF (Ct .EQ. 1) THEN
PRINT*,depth,Kt,radius,Ks,N
ENDIF
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ENDIF
ENDIF
IF(Ks .LT. threshold) THEN
radius=radius+inccs
ENDIF
IF (Ks .GE. threshold) THEN
radius=radius+max(incfs,inccs)
IF (incfs .GT. inccs) THEN
cs=cs+1
IF (cs .EQ. 1) THEN
PRINT*,depth,Kt,radius,Ks,N
ENDIF
ENDIF
ENDIF
{ This section simulates defect interaction and coalescence. A coalescence parameter }
{ "inter" is introduced to check whether the plastic zones overlapp. If it is the case, the }
I semi-elliptical crack is replaced by a through thickness crack of same depth. The details }
{ are explained in the core of the thesis }
N=N+1
plastic=((Ks/(2*265))* 2)/3.14
inter=distance/(2*radius+2*plastic)
IF (inter .LE. 1) THEN
PRINT*,'Interaction and coalescence'
PRINT*,depth,Kt,radius,Ks,N
fini=1
ENDIF
ENDDO
fini=0
DO WHILE (fini .EQ. 0)
IF (mod(N,20) .EQ. 0) THEN
WRITE (1,*),depth,N
ENDIF
IF (depth .GT. 0.0004) THEN
ci=ci+l
IF (ci.EQ.1) THEN
PRINT*,depth,N,'experimental initiation'
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ENDIF
ENDIF
IF (depth .LT. 0.00026) THEN
Kt=1.12*2.8*stress*(3.14159*depth)* *0.5
ENDIF
IF (depth .GT. 0.00026) THEN
Kt=cos(3.14159*(0.002+depth)/0.04445)
Kt=(1/Kt)**0.5
Kt=Kt*(3.14159*(0.002+depth))**0.5
Kt=Kt*stress
ENDIF
incc=FATI(Ko)
inccs=PITTING(N,fr,pitl,pit2)
IF (inccs .LT. incc) THEN
cc=cc+1
IF (cc .EQ. 1) THEN
PRINT*,N,depth,'fatigue outruns pitting'
ENDIF
ENDIF
depth=depth+incc
N=N+1
IF (ko .GT. 28) THEN
PRINT*,k,stress
fini= 1
ENDIF
ENDDO
depth=depth+0.002
PRINT*,N,depth,'final fracture'
END
c***********************************************************
{This function converts a pitting increment into the stress intensity factor that would yield}
{the same crack increment in fatigue. It is used in conjunction with function "PHI" to}
{determine the locus transition between pitting and fatigue}
REAL FUNCTION REVERT(incc)
REAL incc,K,inmaxl
inmaxl=1.14e-7
IF (incc .GT. inmaxl) THEN
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K=(incc/2.56e-9)**(1/1.74)
ENDIF
IF (incc .LT. inmaxl) THEN
K=(incc/2.67e-10)**(1/2.76)
ENDIF
REVERT=K
RETURN
END
{This function determines the angle for which the stress intensity factor is equal to a given}
{value, that is named threshold here, with no reference to the mechanical fatigue threshold)
REAL FUNCTION PHI(radius,depth,stress,threshold,thickness)
INTEGER I,status
REAL Kl,stress,radius,depth,PT,ST,thickness,threshold,Diff
Diff=200
status=0
DO 20 I=1,100,1
ST=1.570796e-2
PT=1.570796-I*ST
K1=CONCENT(radius,depth,stress,thickness,PT)
Diff=ABS(Kl -threshold)
IF (Diff .LE. 0.1) THEN
PHI=PT
status=1
ENDIF
20 CONTINUE
IF(status .EQ. 0) THEN
PHI=1.570796
ENDIF
RETURN
END
{This function claculates the crack increment due to pitting
REAL FUNCTION PITTING(N,fr,pitl,pit2)
REAL fr,incc,pitl,pit2,time
INTEGER N
time=N/fr
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IF (time .LE.24400 )THEN
incc=0.67*pitl *(time* *(-0.33))/fr
ENDIF
IF (time .GT. 24400) THEN
incc=0.33*pit2*(time**(-0.67))/fr
ENDIF
PITTING=incc
RETURN
END
{This function calculates the stress intensity factors at the tip and at the surface }
{with Newman-Raju's formulae }
REAL FUNCTION CONCENT(radius,depth,stress,thickness,angle)
REAL aspect,ratio,lam,M1,M2,M3,gl,g2,g3,fl,f2,E,F,angle
REAL radius,depth,stress,thickness
aspect=radius/depth
ratio=2*radius/thickness
IF (aspect .GE. 1) THEN
M1=sqrt(l/aspect)
E=sqrt(1+1.464*aspect**(-1.65))
fl=(aspect** (-2) *(sin(angle))**2+(cos(angle))**2)**0.25
ELSE
M1=1
E=sqrt(1 + 1.464*aspect** 1.65)
fl=(aspect**(2)*(cos(angle))**2+(sin(angle))**2)**0.25
ENDIF
M2=0.05/(0.11 +aspect* *1.5)
M3=0.29/(0.23+aspect* * 1.5)
gl=1 -(((ratio**4)* (2.6-.2*ratio)* *0.5)/(1+4*aspect))*cos(angle)
lam=1/(1+(depth/0.002) * cos (0.9*angle))
g2=1+0.358*lam+1.425*lam**2
g2=g2-1.578*lam**3+2.156*lam**4
g2=g2/(1+0.08 *lam** 2)
f2=ratio**0.5*3.14 * (0.004+depth)/(4* (0.0222-depth)+2*depth)
f2=cos(f2)
f2=1/sqrt(f2*cos(3.14*2/44.4))
g3=1+0.1*((1-cos(angle))**2)*(1-ratio)**10
F=(M1+M2*ratio**2+M3*ratio**4)*fl*f2*gl*g2*g3
CONCENT=stress*F*sqrt(3.14*radius)/E
RETURN
END
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{this function calculates the crack increment due to fatigue)
REAL FUNCTION FATI(K)
REAL K,incc
IF (K .LE. 9.4) THEN
incc=2.6677e-10*K**2.7646
ENDIF
IF (K .GT. 9.4) THEN
incc=2.57e-9*K**1.74
ENDIF
FATI=incc
RETURN
END
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APPENDIX D
Table 6.2: 65 Mpa, 1Hz, pit depth as a function of the number of active pits (jlm).
Number of pits Initiation at hole Inversion Interaction
1 415x84 787x51 -
2 415x84 - 721x350
3 415x84 - 661x230
4 415x84 - 582x171
5 415x84 - 504x136
6 415x84 - 447x113
7 415x84 - 407x96
8 415x84 - 373x84
9 415x84 - 344x74
10 415x84 - 318x67
Table 6.3: 80 Mpa, 1Hz, pit depth as a function of the number of active pits (jtm).
Number of pits Initiation at hole Inversion Interaction
1 292x59 673x400 -
2 292x59 - 622x334
3 292x59 - 543x218
4 292x59 - 482x161
5 292x59 - 432x127
6 292x59 - 388x106
7 292x59 - 348x90
8 292x59 - 317x78
9 292x59 - 294x70
10 292x59 - 275x62
Table 6.4: 100 Mpa, 1Hz, pit depth as a function of the number of active pits (Rm).
Number of Initiation at hole Inversion Interaction
1 200x42 528x382 -
2 200x42 - 475
3 200x42 - 419
4 200x42 - 379
5 200x42 - 347
6 200x42 - 320
7 200x42 - 295
8 200x42 - 272
9 200x42 
- 252
10 200x42 
- 232
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Table 6.5: 120 Mpa, 1Hz, pit depth as a function of the number of active pits (Rm).
Number of pits Initiation at hole Inversion Interaction
1 150x31 384x262 -
2 150x31 384x262
3 150x31 - 336x189
4 150x31 - 306x136
5 150x31 - 282x107
6 150x31 - 263x88
7 150x31 - 246x74
8 150x31 - 231x64
9 150x31 - 216x56
10 150x31 - 203x50
Table 6.6: 140 Mpa, 1Hz, pit depth as a function of the number of active pits (pm).
Number of pits Initiation at hole Inversion Interaction
1 118x24 300x192 -
2 118x24 294x193 -
3 118x24 - 278x177
4 118x24 - 253x126
5 118x24 - 235x98
6 118x24 - 220x79
7 118x24 - 207x67
8 118x24 - 196x58
9 118x24 - 186x58
10 118x24 - 175x45
Table 6.7: 65 Mpa, 10 Hz, pit depth as a function of the number of active pits (pm).
Number of pits Initiation at hole Inversion Interaction
1 94x20 231x146 -
2 94x20 231x146 -
3 94x20 228x146 -
4 94x20 220x145 -
5 94x20 - 212x140
6 94x20 - 200x114
7 94x20 - 190x97
8 94x20 - 182x85
9 94x20 - 174x74
10 94x20 - 168x66
12 94x20 - 155x55
15 94x20 - 140x43
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Table 6.8: 80 Mpa, 10 Hz, pit depth as a function of the number of active pits (pm).
Number of pits Initiation at hole Inversion Interaction
1 68x14 163x100 -
2 68x14 163x100 -
3 68x14 163x100 -
4 68x14 163x100 -
5 68x14 153x100 -
6 68x14 155x100 -
7 68x14 - 150x92
8 68x14 - 144x79
9 68x14 - 139x70
10 68x14 - 134x63
12 68x14 - 125x51
15 68x14 - 115x40
Table 6.9: 100 Mpa, 10 Hz, pit depth as a function of the number of active pits (pm).
Number of pits Initiation at hole Inversion Interaction
1 48x10 113x68 -
2 48x10 113x68 -
3 48x10 113x68 -
4 48x10 113x68 -
5 48x10 113x68 -
6 48x10 113x68 -
7 48x10 111x68 -
8 48x10 110x68 -
9 48x10 - 107x65
10 48x10 - 103x58
15 48x10 - 90x37
Table 6.10: 140 Mpa, 10 Hz, pit depth as a function of the number of active pits (pm).
Number of pits Initiation at hole Inversion Interaction
1 28x6 66x39 -
2 28x6 66x39 -
3 28x6 66x39 -
4 28x6 66x39 -
5 28x6 66x39 -
6 28x6 66x39 -
7 28x6 66x39 -
8 28x6 66x39 -
9 28x6 66x39 -
10 28x6 66x39 -
15 28x6 66x39 -
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Table 6.11: 140 Mpa, 0.3 Hz, pit depth as a function of the number of active pits (pm).
Number of pits Initiation at hole Inversion Interaction
1 237x48 623x469 -
2 237x48 - 522x260
3 237x48 - 451x164
4 237x48 - 402x120
5 237x48 - 360x94
6 237x48 - 325x77
7 237x48 - 292x62
8 237x48 - 262x56
9 237x48 - 235x50
10 237x48 - 213x45
Table 6.12: 100 Mpa, 0.1 Hz, pit depth as a function of the number of active pits (pm).
Number of pits Initiation at hole Inversion Interaction
1 642x129 - 1000x600
2 642x129 - 879x300
3 642x129 - 748x196
4 642x129 - 667x145
5 642x129 - 570x115
6 642x129 - 472x95
7 642x129 - 400x80
8 642x129 - 347x70
9 642x129 - 307x62
10 642x129 - 274x56
Table 6.13: 100 Mpa, 0.3 Hz, pit depth as a function of the number of active pits (jm).
Number of pits Initiation at hole Inversion Interaction
1 418x85 790x510 -
2 418x85 - 714x303
3 418x85 - 651x197
4 418x85 - 560x146
5 418x85 - 477x115
6 418x85 - 416x95
7 418x85 - 373x81
8 418x85 - 337x70
9 418x85 - 304x62
10 418x85 - 275x56
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Table 6.14: 100 Mpa, 0.5 Hz, pit depth as a function of the number of active pits (gm).
Number of pits Initiation at hole Inversion Interaction
1 357x62 687x413
2 357x62 635x307
3 357x62 - 550x200
4 357x62 - 484-146
5 357x62 - 430x116
6 357x62 - 382x95
7 357x62 - 339x81
8 357x62 - 308x71
9 357x62 - 283x62
10 357x62 - 262x56
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